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ABSTRACT 


The igneous and metasedimentary dikes and volcanic vents of the Mount Washington area were 
studied in detail incidental to mapping the bedrock geology. The igneous dikes are typical of those 
in other areas in New Hampshire, but metasedimentary dikes have not been described elsewhere 
in the State. A few volcanic vents have been reported from other localities. 

One hundred twenty-two dikes were observed. They constitute only from 0.05 per cent to 0,1 
a cent of the exposed bedrock. The largest dike is 60 feet wide and is exposed iscontinuously 

‘or 2} miles and probably extends for at least 7? miles. The average width of dikes is 5 feet. 

The atticude of only 99 dikes was determined with sufficient precision to plot them on an equal- 
area diagram. Most dikes strike northeasterly and dip steeply; a second set is horizontal; a third 
set strikes N.10°E. and dips steeply; and a fourth set strikes N.30°W. and is also steep. The frac- 
tures occupied by the four sets apparently originated at various times under different conditions of 


stress. 
Tension fractures during north-south doming may be responsible for the N.10°E. set; the hori- 


zontal set presumably occupies shear fractures; compression as well as doming may explain the 
northeasterly set; and the N.30°W. set may occupy fractures formed during northwest-southeast 


compression of the area. ‘ 

Sixty thin sections were studied, 8 from the volcanic vents. Twenty-five of the dikes are meta- 
diabases; 7 camptonites; 6 kersantites; 10 actinolite-biotite granulites; and there is 1 syenite por- 
phyry, 1 rhyolite, 1 quartz diorite, and 1 amphibolite. 

The metasedimentary dikes were intruded into the schists of the Devonian Littleton formation 
after the climax of the late Devonian folding and metamorphism. They were intruded as impure 
dolomites, later recrystallized to actinolite-biotite granulites. The metadiabases, kersantites, camp- 
tonites, and volcanic vents were intruded as part of the Mississippian White Mountain magma series, 


INTRODUCTION 


LOCATION OF AREA AND SCOPE OF PAPER 


This paper deals with the igneous dikes, metasedimentary dikes, and volcanic 
vents in the Mt. Washington area, New Hampshire, which includes the southern 
part of Mt. Washington quadrangle and adjacent areas (Fig. 1). 

The dikes and vents are described with special reference to their petrography, 
origin, and structure. There is no attempt to include the apophyses of the larger 
plutons or pegmatites. A comparison of observations made in other quadrangles 
shows that the area presents a fair sample of the igneous dikes of New Hampshire. 
Their abundance, lithology, and relation to the regional geology is similar in other 
locations. A notable difference in the Mt. Washington area is the presence of meta- 
sedimentary dikes which have not been described elsewhere in New Hampshire. 
A few volcanic vents also have been reported from other localities. 

One hundred twenty-two dikes were observed; complete structural and petro- 
graphic data were obtained for 41; structural data were obtained for many which 
were not examined microscopically ; and, conversely, petrographic data were obtained 
for a number for which there are no structural data. 


PREVIOUS PAPERS 


The detailed results of the study of the Mt. Washington area have already been 
published (Billings, 1941). Other recent geologic papers on the region have been 
written by Chapman, Billings, and Chapman (1944) and R. W. Chapman (1937; 
1942). The physiography and glacial geology have been described by R. P. Gold- 
thwait (1940), J. W. Goldthwait (1925), Antevs (1932), Lane (1921), and Crosby 
(1924). 
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AREAL GEOLOGY 
STRATIGRAPHIC UNITS 


Four stratigraphic units are represented in the Mt. Washington area (Fig. 2), 
The oldest formation is Ordovician (?) Ammonoosuc volcanics consisting chiefly of 
fine-grained biotite gneiss and amphibolite. 

Above the Ammonoosuc volcanics is a gneiss correlated with the Ordovician (?) 
Partridge formation which encircles the higher mountains, cropping out only on 
their lower slopes because of its relative softness. It is a black and white banded 
gneiss derived largely from shales which have been recrystallized and metasomati- 
cally replaced. 

Above the Partridge formation is the relatively thin Silurian Fitch formation. 
It consists of lime-silicate granulite and schist and is found intermittently at the 
top of the Partridge formation. This rather insignificant formation is the key 
horizon of the whole area and is the source of the metasedimentary dikes. 

Most of the eastern part of the region, including the highest peaks of the Presi- 
dential Range, with the exception of Mt. Clay, is made up of quartzites and schists 
of Devonian age, correlated with the Littleton formation. The summit of Mt. 
Washington, 6288 feet in altitude, consists entirely of the hard schists and quartzites 


of the Littleton formation. 
LARGE INTRUSIVE BODIES 


Several large intrusive bodies occur in the region. The oldest, the quartz mon- 
zonites and granites of the Oliverian magma series, were intruded near the close of 
the Devonian and occupy a large dome in the northern part of the area. 

The Bickford binary granite, of the New Hampshire magma series, was intruded 
in late Devonian time. Pegmatites are associated. 

The White Mountain magma series, represented by intrusive and extrusive phases, 
is probably Mississippian and includes the Moat volcanics, the syenite of Cherry 
Mountain, and the Conway granite, followed by the camptonites, kersantites, and 
metadiabases. The volcanic vents were the last phase of the intrusions of this series 


in the region. 
FOLDING AND METAMORPHISM 


Folding began after the intrusion of the Oliverian magma series and ended before 
the Bickford granite was intruded. The metamorphism was relatively complicated 
(Billings, 1941, p. 919-932) and was related to pressure, heat, and chemical processes. 
The recrystallization was essentially contemporaneous with the folding. 
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Ficure 2.—Geologic map of the Mt. Washington area 
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STRUCTURAL DATA ON DIKES 


SIZE OF DIKES 


The average width of 75 dikes is 5 feet. The narrowest recorded measures 2 
inches. The largest, a 60-foot porphyritic metadiabase, is exposed discontinuously 


FiGureE 3.—Point diagram of dikes 
Ninety-nine dikes are plotted on the upper hemisphere. Each point represents the pole of the perpendicular tos 
dike projected on a horizontal plane. M = metadiabase; K = kersantite; C = camptonite; A = actinolite-biotite gran- 
ulite; S = syenite porphyry; Q = quartz diorite. Dots without letters are dikes not studied microscopically. 


for 2} miles. It strikes north through its principal exposure. A single outcrop of 
porphyritic metadiabase 1$ miles farther south is exposed on the line of strike and 
is presumably a part of the same dike (Pl. 1). Apparently this same dike reappears 
north of the limits of the map half a mile northwest of the village of Jefferson, giving 
it a total extent of about 72 miles. 


PERCENTAGE OF AREA OCCUPIED BY DIKES 


In general, the dikes are small and inconspicuous. The most spectacular display 
is along Mill Brook half a mile due south of Meadows (Pl. 1) where the 60-foot 
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porphyritic metadiabase, associated with smaller dikes, is well exposed. Consider- 
ing the region as a whole, the area occupied by dikes is only between 0.05 and 0.1 
per cent of the exposures. However, many dikes were undoubtedly missed in the 


survey work. In a traverse up Cold Brook, where outcrops are reasonably con- 
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Ficure 4.—Contour diagram of dikes 
The ninety-nine dikes shown in Figure 3, plotted on the upper hemisphere, contoured to show percentage distribution. 


tinuous, only 0.01 per cent of the exposed bedrock is dikes. In New River, the dikes 
are numerous but represent only 0.25 per cent of the exposures. 

The small percentage of the area occupied by dikes is typical of other localities 
in New Hampshire, as is evident from a study of distribution maps in the Littleton- 
Moosilauke region (Billings, 1937, p. 516), in the Mt. Cube area (Hadley, 1942, 
p. 152), and in the Red Hill area (Quinn, 1937, p. 376). 


ORIENTATION OF DIKES 


Figure 3 is a point diagram (Billings, 1942, p. 116-121), plotted on the upper 
hemisphere, of the poles of the 99 dikes for which the strike and dip are known. 
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Each point represents a dike, and the lithology of each is indicated by an appropriate 
letter. 

Figure 4, the contour diagram prepared from the point diagram, indicates clearly 
that the dikes are oriented in four major sets. One set, indicated by the 6 per cent 
maxima at the center of the diagram, is essentially horizontal. A second set is 
indicated by the three adjacent maxima along the west and east sides of the diagram, 
one 6 per cent, and two 5 per cent; they indicate dikes with an average strike of 
N.10°E., dipping 70°W. to vertical. A third set is indicated by the maxima along 
the margin in the northwest and southeast parts of the diagram. These, the most 
numerous, strike northeast and range in dip from 50°NW. through the vertical to 
50°SE.; the predominant dip is nearly vertical. A fourth set is indicated by the 
maxima along the margin of the diagram about N.60°E. and S.60°W. from the 
center; the dikes of this set have an average strike of N.30°W. and steep dips. For 
convenience, these four sets may hereafter be referred to as the horizontal set; the 
N.10°E. set; the northeasterly set; and the N.30°W. set. 

In comparing the orientation of the dikes in the Mt. Washington area with other 
regions in New Hampshire, there is a distinct northeasterly trend of the dikes in the 
Littleton-Moosilauke area, with a few east-west and northwesterly striking dikes, 
all of which tend to have steep dips (Billings, 1937, p. 516). The same northeasterly 
trend is seen in the dikes of the Mt. Cube area (Hadley, 1942, p. 152). In the Red 
Hill area (Quinn, 1937, p. 366, 392-394) the majority strike northeasterly and dip 
steeply; a less common set strike east-west; a few strike northwesterly; and a limited 
number have a north-south strike. 


LITHOLOGY OF DIKES AND VENTS 
GENERAL STATEMENT 


A study of 60 thin sections of dikes and vents in the region indicates several groups 
of igneous dikes. The metadiabases constitute the most abundant dike rocks, and 
25 thin sections of these were examined. Seven specimens of camptonites, six of 
kersantites, one specimen of syenite porphyry, one of rhyolite, one of quartz diorite, 
and one of amphibolite were encountered in the microscopic studies. 

The volcanic vents, found only in the southeastern corner of the area, are younger 
than the dikes. Eight specimens were examined in thin section. 

A large group of dikes of actinolite-biotite granulite are of metasedimentary 
origin; ten specimens of these were studied microscopically. 

The various groups of dikes will be discussed in detail in chronological order. 
Winchell (1933) has been used to identify the plagioclases, amphiboles, pyroxenes, 
biotite, and chlorite. 


AMPHIBOLITE 


Location: A thin section from one amphibolite dike 6 feet wide at an altitude of 
1620 feet, on the Israel River, three fourths of a mile south of Bowman Station 
(Pl. 1), was studied. A second dike at an altitude of 1610 feet on the same river 
is 3 feet wide; dip and strike were not obtained. 
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LITHOLOGY OF DIKES AND VENTS 


TABLE 1.—Average modes of dikes and vents of the Mt. Washington area 


1 2 3 4 5 6 7 8 9 
No. of thin sections 1 10 1 i 1 24 7 6 2 
19 8 30 1 1 tr 1 52 
Le 10 68 72 4 
ree 37 24 54 55 49 55 28 
61 19} 2 20 20t 6 
... 3 2 
tr | 21 15 3 2 26 10 
8 
4 12 6 7 3 1 
tr 5 4 6 1 
ere tr tr 3 1 2 1 
eee 9 5 
Penomoisite.............. tr 6 2 2 
1 4 tr 2 1 2 
2 1 1 tr tr 
2 
tr 
Per cent of anorthite in 
40 | 55 57 54 40 26 
| Er eer 35-65 42-70 | 40-60 | 16-52 | 32-40 
*Includes microcline and microperthite. 
Actinolite. 
t Barkevikite. 
1, Amphibolite. 6. Metadiabase. 
2. Actinolite-biotite granulite. 7. Camptonite. 
3. Quartz diorite. 8. Kersantite. 
4, Rhyolite. 9. Matrix of breccias in volcanic vents. 


5, Syenite porphyry. 


Mecascoric Descrirtion: The amphibolite is slightly foliated and contains 
sparkling black roughly parallel amphibole needles. The hornblende needles bend- 
ing around white feldspar augen 2 millimeters long produce a spotted appearance. 


Microscopic Description: The amphibolite is a hornblende porphyry with plagioclase pheno- 
crysts (Ang) making up 7 per cent of the rock (Table 1). The plagioclase of the groundmass (Ang) 
has a granoblastic texture and makes up 30 per cent of the rock. 

The amphibole is “common hornblende” and makes up 61 per cent of the amphibolite. It ranges 
in size from 0.05-0.4 mm. It is biaxial negative, 2V = 60°+; a = 1.656, y = 1.678; ZAC = 17°; 
X= light yellow, Y = olive green, Z = blue green; X<Y = Z. The optical data are almost 
identical with the analyzed common hornblende from the Littleton-Moosilauke area (Billings, 1937, 
p. 513). 
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Sphene, in aggregates composed of individual grains 0.05 mm. across, constitutes 2 per cent of the 
rock. Traces of clinozoisite and biotite make up the remaining minerals. 


ACTINOLITE-BIOTITE GRANULITE 


Location: The actinolite-biotite granulites, of which 10 were studied micro. 
scopically, are confined to the higher parts of the Presidential Range. They strike 
northeasterly, in general, and dip steeply. Several dip gently northwest, paralleling 
one of the well-developed joint systems of the region. The Tuckerman Ravine 
Trail follows one of the vertical dikes for 400 feet near the upper part of the head 
wall of the Ravine (Pl. 1). The trail makes use of a 7-foot shelf, which is the width 
of the vertical dike, and runs in a N.75°E. direction along the strike. 

Mecascopic DEscriPTIon: The actinolite-biotite granulites resemble schists both 
texturally and mineralogically rather than true igneous dikes. They are granular, 
fine-grained, light gray, brownish to green, and sparkle with small biotite flakes 
usually aligned. Actinolite is recognizable in some specimens, scattered between 
grains of quartz and plagioclase. 


Microscopic Description: The actinolite-biotite granulites are fine-grained, granoblastic, locally 
poikilitic. The largest grain is 1.5 mm. with a range between 0.003 and 0.1 mm. 

The plagioclase (Anjs~Angs), makes up 24 per cent of the rock (Table 1). 

Biotite, comprising 21 per cent of the rock, in many instances is intimately associated with actino- 
lite. The biotite is biaxial negative, 2V = 0°-10°; y = 1.615; X = light yellow, Y = Z = brown; 
X<Y=Z. These data suggest about 70 per cent of the phlogopite-eastonite series. 

The actinolite makes up about 19 per cent of the rock. It is biaxial negative, 2V = 60°, 
a = 1.627; y = 1.646; ZAC = 18°+; X = colorless, Y very light green, Z very light green; 
X<Y=Z. This indicates that it has a composition of 15 per cent CaFe;Si,O,2 and 85 per cent 
CaMg;Si,Or2. 

Quartz averages 19 per cent of the rock. In many specimens it is intimately associated with the 
plagioclase, making a patchy intergrowth. 

Chlorite makes up 4 per cent. It is biaxial positive; 2V is very small; a = 1.605; Y =}; 
ZAC = small; Z = colorless; Y = Z = light green; Z<Y = X; y—a = 0.009. This suggestsa 
chlorite rich in magnesia and alumina, perhaps prochlorite. 

About 9 per cent of the rock is sericite, with traces of leucoxene and carbonates. Sphene, pyrite, 
magnetite, and apatite occur in small amounts. 


RHYOLITE 


Location: One rhyolite dike was found in a brook 2} miles due west of Gorham 
Station (Pl. 1). No structural data were obtained. 

Mecascopric Description: The rhyolite is purplish gray, with dark spots 0.2 mm. 
across on the weathered surface. The grain is so fine that no minerals can be 
recognized. 


Microscopic Description: The rhyolite is crystalline, aphanitic, with individual grains aver- 
aging about 0.0015 mm. seldom exceeding 0.002 mm. Some crystals, 0.2 mm. in diameter, show 4 
certain amount of poikilitic intergrowth. Apparently the rock is made up chiefly of quartz (30 per 
cent) and orthoclase (68 per cent). There may be some plagioclase, but this has not been identified 
positively. There is about 2 per cent hematite occurring as patches of red dust 0.02 mm. across, 
and possibly some magnetite. Leucoxene is scattered about as aggregates of tiny grains. 
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QUARTZ DIORITE 


LocaTIon: A vertical quartz diorite dike 3} feet wide, striking N.5°E., was found 
on the east slope of Cherry Mountain 33 miles due south of Meadows (PI. 1). 

Mecascoric Description: The quartz diorite is a dark, fine-grained igneous rock, 
with a little visible quartz, feldspar, and mica. 


Microscopic Description: The quartz diorite is holocrystalline and composed largely of plagio- 
dase feldspar (54 per cent) so badly altered that the anorthite content cannot be determined 
(Table 1). There is apparently about 10 per cent orthoclase and 8 per cent quartz in round to 
angular grains 0.05 to0.1 mm. The biotite (15 per cent of rock) occurs as aggregates of 0.001 mm. 
fakes. There is 2 per cent hornblende 0.4 mm. in size, which is being replaced by clinoziosite 
(6 per cent) and magnetite (4 per cent). Apatite is an accessory (1 per cent). 


SYENITE PORPHYRY 


Location: A syenite porphyry, 10 feet wide, striking N.50°E. and dipping 86°SE., 
was found on the Israel River 1} miles due south of Boy Mountain (PI. 1). 

Mecascopic Description: The syenite porphyry is light pink, with a fine-grained 
groundmass. The phenocrysts are feldspar (orthoclase?) and chlorite. 


Microscopic Description: The syenite porphyry is badly altered. Phenocrysts of chlorite, 
apparently pseudomorphs after hornblende, up to 8 mm. in diameter, make up 6 per cent. Feldspar 
phenocrysts up to 3 mm. are kaolinized and sericitized. They were probably orthoclase and make 
up 4 per cent (Table 1). The groundmass contains 68 per cent of highly sericitized feldspar, pre- 
sumably potash feldspar, 0.1-0.2 mm. in size. Leucoxene (3 per cent), carbonate (5 per cent), 
chlorite (6 per cent), sericite (5 per cent), and ilmenite (2 per cent) are scattered through the ground- 


mass. About 1 per cent of quartz is present. 
METADIABASE 


LocaTION: The metadiabases are scattered over the area. Five of the meta- 
diabases studied in thin section are too badly altered to be included in the average 
modes (Table 1). 

Mecascopic DEscRIPTION: The metadiabases are characteristically black to dark 
green, some are grayish brown; the weathered surfaces are deep reddish brown. 
Many are diabasic with small interlocking laths of feldspar. Others are too fine- 
grained to distinguish individual minerals. Some are porphyritic with chunky 
plagioclase crystals, or plagioclase and augite up to 1 cm. in a patchy groundmass 
of hornblende and chlorite. One is spotted by amygdaloidal calcite. Green horn- 
blende and chlorite aggregates are occasionally present as well as biotite and pyrite. 


Microscopic DEscripTioNn: The metadiabases are holocrystalline, ophitic, usually highly altered 
and fine-grained; a few specimens have phenocrysts of plagioclase or pyroxene 3-7 mm. long. The 
minerals of the groundmass average 0.1 to 0.05 mm. The specimens studied differ greatly in appear- 
ance, depending upon their alteration (Table 1). 

The plagioclase (Ang-Anz) is generally lath shaped and makes up about 55 per cent of the rock. 

The hornblende makes up about 20 per cent. It commonly breaks down to a fibrous aggregate, 
with biotite and chlorite forming as late end-stage alterations. Apparently the hornblende is sec- 
ondary from pink augite, which can be seen in the center of the green hornblende in some specimens. 
It is biaxial negative, with a large 2V; a = 1.649 (range 1.637-1.661), y = 1.668 (range 1.658-1.678); 
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X = light yellow, Y = olive green, Z = blue green; X<Y = Z; ZAC = 17°. Polysynthety 
twinning parallel to (100) is common. These data indicate that the hornblende is near pargasite 

Pink titaniferous augite (0.2-2 mm.) occurs in varying amounts either in the groundmass or a 
phenocrysts, making up, on an average, 3 per cent of the rock. Commonly the augite shows partial 
or complete end-stage alteration to hornblende. In one specimen, phenocrysts of pink augite with 
brownish rims are conspicuous. Some ot the pink titaniferous augite has a colorless core. It is 
biaxial positive, 2V = 60°, a = 1.688; 6 = 1.696; y = 1.714. These data indicate that it contains 
about 63 per cent diopside, 32 per cent hedenbergite, and 5 per cent clinoenstatite. 

Chlorite makes up 6 per cent of the rock and has an “abnormal blue” birefringence, indicating 
that it is penninite. 

The biotite averages 3 per cent of the rock. It is biaxial negative, with a email 2V; y = 1.60 
(data for only two specimens). These data suggest that it contains about 60 per cent annite 
siderophyllite. 

There is about 4 per cent ilmenite in the metadiabases. It is superposed on the patchy green 
hornblende and biotite with a striking dendritic pattern and is clearly secondary. Pyrite (1 per 
cent) and magnetite (2 per cent) are present as accessories. 

A brown to white serpentine mineral is present as a late end-stage alteration product in many 
of the specimens. 


CAMPTONITE 


Location: Seven camptonites, scattered over the area and in general striking 
northeasterly with steep dips, were studied. There is a conspicuous 5-foot wide 
camptonite dike in Huntington Ravine (Pl. 1), dipping 50°-65°E. This dike can 
be followed in a north-south direction for half a mile. 

Mecascopic DEscrIPTION: The camptonites are black, dark green, or brownish, 
and phaneritic. Barkevikite, chlorite, and feldspar can be recognized in some, 
Pyrite is peppered through many. 


Microscopic Description: The camptonites are holocrystalline, hypidiomorphic and sometimes 
porphyritic; the groundmass minerals range in size from 0.05 to 0.1 mm.; the phenocrysts range 
from 1 to 45 mm. 

The plagioclase (Ango-Angs) of the camptonites makes up 49 per cent of the rock (Table 1). The 
plagioclase occurs as laths or rectangular crystals, many of which are highly altered. Some of the 
camptonites carry as much as 10 per cent potash feldspar, while others have none. 

Barkevikite makes up about 20 per cent of the camptonites, appearing as phenocrysts and in the 
groundmass. Even if the groundmass is altered, the barkevikite is not. It is biaxial negative, 
2V = 60°+; Y = b, ZAC = 11°; a = 1.689, 8 = 1.702, y = 1.712; X = light yellow, Y=Z= 
deep brown. A little green hornblende is present in some specimens. 

Pink titaniferous augite is present in small amounts, averaging 2 per cent of the specimens. It is 
highly poikilitic, shows resorption and alters to chlorite, carbonate, and leucoxene. 

Biotite averages 2 percent. It is biaxial negative; 2V = 10°; X = light yellow, Y = Z = brown; 
X<Y =Z. 

Pyrite, ilmenite, and magnetite are scattered through the camptonites in small quantities; clino- 
zoisite is also present. Chlorite, carbonate, and leucoxene are common alteration products. 


KERSANTITE 


Location: The kersantites, like the camptonites and metadiabases, are scattered 
over the area. They strike northeast in general and dip steeply. A narrow, foot- 
wide sill of kersantite dipping 15°W. is exposed on the head wall of Tuckerman 
Ravine near the trail, slightly below the 7-foot wide actinolite-biotite granulite which 
the trail follows. 
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Mecascoric Description: The kersantites are black to gray, fine-grained, with 
biotite and feldspar the only recognizable minerals. Pyrite occurs in some speci- 
mens. None are porphyritic. 


Microscopic Description: The kersantites are holocrystalline, panidiomorphic, fine-grained 
ganular igneous rocks. The grain size ranges from 0.05 to 0.1 mm., with occasional phenocrysts 
to 7 mm. 
Whe plagioclase (Anye—Anse) of the kersantites makes up 55 per cent of the rock (Table 1). 
Biotite is the most characteristic mineral of the kersantites and makes up 26 per cent of the rock. 
Much of the biotite is primary, although some of it may be a late end-stage alteration product. 
It is biaxial negative, with a very small 2V; 7 = 1.650 (range 1.623-1.680); X = light yellow, 
Y=Z = brown; X<Y=Z. These data suggest that it contains about 60 per cent of annite- 
sderophyllite. 
Hornblende averages 6 per cent of the kersantites. Aggregates of hornblende up to 1 mm. 
ross are probably pseudomorphs of phenocrysts of some unknown mineral. It is biaxial negative; 
a= 1.651, y = 1.673; ZAC = 16°; X = light yellow, Y = olive green, Z = bluish green; X<Y = Z. 
The hornblende thus appears to be pargasite. A little barkevikite occurs in one specimen. 
The chlorite, of which there is 3 per cent, is biaxial positive; -y = 1.620; y—a = 0.005; Z = color- 
less, Y = X = light green. It is probably ripidolite. 
Quartz, calcite, magnetite, dendritic ilmenite, leucoxene, and clinoziosite are scattered through 
the kersantites, 


VOLCANIC VENTS 


LocaTION OF VENTS: Volcanic vents occur in three localities in the area. One 
vent is 13 miles due north of Pinkham Notch on the Mt. Washington Auto Road, 
extending southwesterly for 0.4 mile. A second vent lies half a mile northwest of 
Pinkham Notch on a branch of the Cutler River. A third vent lies a quarter of a 
mile northwest of Pinkham Notch at Crystal Cascade. There is another small vent 
afew hundred feet downstream from Crystal Cascade, exposed 10 feet below the 
A.M.C, bridge. 

Mecascopic DescriPTion: The vents are composed of massive intrusive rocks 
and of breccias that contain angular fragments of dike rocks and country rocks 
embedded in a fine-grained tuff. 

The northern end of the vent along the Auto Road is a volcanic breccia with dark, 
rounded fragments of metadiabase up to 6 inches across, in a light-gray tuffaceous 
matrix rich in micaceous minerals. The southern end of this body has fragments of 
fine-grained metadiabase, porphyritic basalt, and quartz in a matrix of metadiabase. 
The vent half a mile northwest of Pinkham Notch is chiefly metadiabase with 
locally fine-grained angular fragments. 

The vent a quarter of a mile northwest of Pinkham Notch is breccia at Crystal 
Cascade but is massive metadiabase on the walls of the gorge immediately below 
the Cascade. The small vent a few hundred feet downstream is breccia, the frag- 
ments of which are kersantite and metadiabase. 


Microscopic DescripTION: Five thin sections of the massive, unbrecciated vents were studied 
and are similar to the metadiabase of the dike rocks. One fragment from the volcanic vents and 
two specimens of the matrix were studied petrographically. The fragment was identical with the 
kersantite of the dikes. 

The tuffaceous matrix from a specimen collected near the A.M.C. bridge a quarter of a mile 
northwest of Pinkham Notch is probably typical of the matrix of the breccias. Seventy per cent 
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of the matrix is angular to subangular fragments 2-3.5 mm. across. The nonfragmental parts of 
the matrix show 52 per cent rounded grains or angular fragments of quartz (Table 1) which consists 
of an aggregate of grains 1-3 mm. across. Strain shadows are characteristic. Oligoclase (An,- 
Ang) makes up 28 per cent of the rock. Biotite, in grains in the groundmass or in flakes 1 mm. in 
diameter, constitutes 10 per cent of the rock. Muscovite makes up 8 per cent of the tuff. There 
is a little chlorite, with small amounts of garnet, tourmaline, pyrite, and limonite. 

The tuff appears to be derived entirely from the country rock and contains no magmatic material, 
A comparison of this specimen with one above Crystal Cascade shows similar percentages of the 
minerals. The matrix in some specimens from this locality is almost entirely small flakes of mus. 
covite, indicating derivation from the garnetiferous pseudoandalusite schist of the region. 


AGE OF DIKES AND VENTS 


The chronology of the dikes relative to the metamorphism and time of intrusion 
of the New Hampshire and White Mountain magma series is shown in Table 2. 

The oldest dike is the amphibolite. It is younger than the Ammonoosuc volcanics 
of Ordovician age, which it cuts, but older than the late Devonian metamorphism, 
By analogy with similar dike rocks in the Littleton-Moosilauke area, it is presumed 
to be younger than the Littleton formation and the Oliverian magma series (Billings, 
1937, p. 514-515). The amphibolites are older than the Bethlehem gneiss of the 
New Hampshire magma series (Hadley, 1943, p. 151). 

The actinolite-biotite granulites, which are metasedimentary dikes, were injected 
next. Their origin is discussed in detail in a later section. They are younger than 
the gneiss of the Littleton formation, because they cut the gneiss in at least two 
localities. They are younger than some of the jointing, for several actinolite-biotite 
granulites parallel the direction of the northwesterly dipping joints, suggesting that 
they made use of this already developed joint system. They are older than some 
of the faulting, for in one place along New River the actinolite-biotite granulite 
occurs in a small slickensided lens (2 by 1 by 3 foot) along a fault striking No. 70°E., 
dipping 78°SE. Because they show a small amount of granulation, they must be 
older than the final metamorphism. They must have been injected after the climax 
of the late Devonian folding and metamorphism, but before the cessation of regional 
metamorphism. They are older than the pegmatites, because at an altitude of 2330 
feet on Castle Brook pegmatite cuts one. 

The quartz diorite is probably an early intrusive of the White Mountain magma 
series. 

The rhyolite is presumably associated with the Moat volcanics, which belongs to 
the White Mountain magma series, of probably Mississippian age. Similar rocks 
in the Franconia quadrangle (Williams and Billings, 1938) have been interpreted as 
Moat volcanics. 

The syenite porphyry undoubtedly belongs to the early stage of the White Moun- 
tain magma series. It is probably associated with the intrusion of the syenite of 
Cherry Mountain. 

The metadiabases were intruded as part of the White Mountain magma series 
but after the rhyolite, quartz diorite, and syenite porphry. They have more than 
one stage of intrusion, as is evident from a study of the dike half a mile south of 
Meadows where a fine-grained metadiabase cuts the coarse porphyritic metadiabase. 
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They are younger than the syenite of the White Mountain magma series because in 
this same region the syenite is included in the metadiabase. They are also younger 
than the Conway granite, for in the North Conway quadrangle a “labradorite 
porphyry” cuts the Conway granite (Billings, 1927, p. 146-147). In the Meadows 


TABLE 2.—A ge relations of dikes and vents of the Mt. Washington area 


Volcanic vents 
Kersantite and camp- 


tonite; metadiabase 
Mississippian? White Mountain magma) Conway granite 
series Syenite of Cherry Mt. Syenite porphyry 
Moat volcanics Rhyolite 


Quartz diorite 


Late New Hampshire | Bickford granite and associated 


magma series pegmatites 
late Devonian? Regional metamorphism com- | Actinolite-biotite 
pleted granulite 
Climax of folding and metamor- 
phism 


Early New Hampshire 
magma series Amphibolite? 


Oliverian magma series | Oliverian magma series 


Lower Devonian Littleton formation 
Middle Silurian Fitch formation 
Ordovician? Partridge formation 


Ammonoosuc volcanics 


locality, however, the metadiabase is older than the kersantites and camptonites, for 
itis cut by them. The metadiabase, since it occurs as fragments in the tuff along 
the Auto Road, was intruded before the volcanic vents. 

The camptonites and kersantites are presumably of about the same age as the 
metadiabases as there is some gradation between them. The camptonites and ker- 
santites which cut the metadiabase, the syenite, and the Conway granite are also 
found as fragments in the tuff of the volcanic vents, indicating that they were in- 
truded before the volcanic vents. 

The volcanic vents represent the last stage of the intrusion of the White Mountain 
magma series, for they contain fragments of metadiabase, kersantite and camptonite. 
They could not be an intrusive phase of the Moat volcanics, since the Moat volcanics 
are pre-Conway, and the vents contain fragments of metadiabase which is post- 
Conway. The volcanic vents represent the last phase of igneous activity in the 
region. They are probably Mississippian. 

There are some silicified zones which are younger than the mafic dikes, for a 6-foot 
wide silicified zone offsets a 4-foot wide dike in a small block 1 mile S.30°W. of Glen 
Ellis Falls. This may imply that the 10-mile long Pine Mountain fault (Fig. 2) 
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likewise is later than the Whit Mountain magma series, rather than earlier, as pre. 
viously, thought (Billings, 1941,"p. 919). 
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Ficure'S.—Triangular plot of minerals of metadiabases, camptonites, and kersantites 
Kersantites (K) are the biotite-rich rocks; the metadiabases (M) are augite-hornblende-rich rocks; and the campto- 
nites (C) are thefbarkevikite-rich rocks. Diagram shows transition between the types and suggests that they are co- 
magmatic. 


ORIGIN OF THE DIKES AND VENTS 


IGNEOUS DIKES AND VENTS 


IcnEous D1kEs: The metadiabases, camptonites, and kersantites are comagmatic. 
This is evident from a study of the triangular diagram (Fig. 5) on which rocks be- 
longing to these three groups are plotted. It is significant that many specimens lie 
between the biotite and augite-hornblende angles, indicating that some of the rock 
types are transitional between kersantite and metadiabase. Similarly, some speci- 
mens lie between the barkevikite and augite-hornblende angles, indicating that some 
specimens are transitional between camptonite and metadiabase. 

Inasmuch as the camptonites are alkaline rocks, they are comagmatic with the 
alkalic White Mountain magma series. It follows, therefore, that the metadiabases 
and kersantites are comagmatic with this magma series. 
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End-stage (paulopost, deuteric) alteration of the minerals in the dike rocks is 
striking. The metadiabases show end-stage alteration to such a degree that the 
original feldspars are commonly spotted with leucoxene, carbonate, and sericite, and 
their original composition is impossible to determine. Pink augite is rimmed by 
green hornblende or aggregates of chlorite and biotite as late end-stage alteration 
products. Serpentine minerals are found in one rock as the latest end-stage altera- 
tion of the hornblende. In the camptonites, the barkevikite is unaltered, but the 
pink titaniferous augite changes to chlorite, carbonate, and leucoxene as end-stage 
alteration products. The kersantites are characterized by biotite, much of which is 
presumably a late end-stage alteration from hornblende. Aggregates of fibrous 
amphibole in the kersantites are pseudomorphs after some undetermined mineral. 
Dendritic ilmenite is scattered through the biotite and amphibole as a characteristic 
late end-stage alteration of the kersantites. The syenite porphyry and granodiorite 
have highly sericitized and kaolinized feldspars as a late alteration product, as well as 
end-stage hornblende and chlorite. 

Votcanic VENTs: The volcanic vents represent the last phase of the intrusion of 
the White Mountain magma series, for they contain fragments of the earlier dike 
rocks. The massive metadiabase in some vents indicates that the magma was 
primarily metadiabase. 

The tuffaceous matrix in specimens collected along the Cutler River below the 
A.M.C. bridge shows that the material was derived entirely from the country rock, 
with no magmatic material. Some of the matrix was clearly derived from the Bick- 
ford granite, which it cuts; the mode is similar to the mode of the Bickford granite 
described by Billings (1941, p. 898). Where the Bickford granite is not exposed the 
volcanic vent must cut it in depth. 

Elsewhere in the vents, the matrix consists locally of countless flakes of muscovite, 
suggesting that it was derived from blown-up garnetiferous pseudoandalusite schist 


which it cuts. 
METASEDIMENTARY DIKES 


The actinolite-biotite granulites are metasedimentary rocks injected plastically as 
dikes into the Littleton formation. They are believed to be sedimentary in origin 
primarily because of their composition. 

The actinolite-biotite granulites are composed essentially of actinolite, biotite, 
plagioclase, and quartz. Mineralogically, they are similar to the actinolite-biotite 
granulites of the Fitch formation, as may be seen by a study of Table 3. It is 
apparent that the actinolite-biotite granulite dikes in Mt. Washington quadrangle 
are similar both qualitatively and quantitatively to the actinolite-biotite granulites 
of the Fitch formation. 

The details of the mineralogy emphasize the similarity of the metasedimentary 
dikes and the Fitch formation. The average content of CaFesSi,Oy in the actinolite 
dikes is 15 per cent, whereas in the Fitch formation the average is 18 per cent. The 
average content of phlogopite-eastonite in the biotite of the dikes is 70 per cent, 
whereas in the Fitch formation the average is 66 per cent. The plagioclase of the 
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dikes averages Angs. The average in the Fitch formation is essentially the same, 
although the range is considerable. Such similarities in composition can scarcely 
be a coincidence and implies a close genetic connection. It is apparent from Table 4 
that the actinolite-biotite granulites are chemically similar to dolomitic slates in the 


TABLE 3.—Modes of lime-silicate dikes and Fitch formation 


1 2 3 4 

Per cent of anorthite in plagioclase: 

55 77 Labradorite 88 


1. Average of 10 actinolite-biotite granulite dikes, Mt. Washington area. 

2. Actinolite-biotite granulite interbedded in Fitch formation, West Branch of Peabody River, 
800 feet downstream from Osgood bridge, 1620 feet. 

3. Actinolite-biotite schist, Fitch formation, Littleton-Moosilauke area. 

4. Black biotite-hornblende schist, Fitch formation, Littleton-Moosilauke area. 


Fitch formation in the Littleton-Moosilauke area. The actinolite-biotite granulites 
lack COs; if the dolomitic slates were recalculated to 100 per cent omitting CO;, 
the other oxides would be correspondingly increased. Magnesia is exceptionally 
high in the actinolite-biotite granulites, possibly because it was derived from shales 
abnormally rich in dolomite. 

The norm of the average actinolite-biotite granulite dike has been calculated from 
the analysis in Column 1, Table 4. The symbol, in the C.I.P.W. classification, for 
the actinolite-biotite granulites is about the same as for many quartz diorites and 
related rocks (Washington, 1917, p. 404). There are, however, several striking 
differences between the quartz diorite and the actinolite-biotite granulites. The 
quartz diorites are higher in alumina and considerably lower in magnesia. 

All the dikes of actinolite-biotite granulite observed are stratigraphically above the 
Fitch formation. On the theory that the dikes are portions of the Fitch formation 
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TABLE 4.—Chemical analyses pertinent to the origin of the actinolite-biotite granulites 


1 2 3 4 
OEE eer 55.9 57.50 56.49 52.63 
ae 0.4 | 0.59 0.48 0.62 
14.6 13.24 11.59 16.76 
Ee 1.0 0.51 3.48 2.86 
5.8 3.68 1.42 10.74 
RRS 8.9 4.86 6.43 4.33 
6.1 5.22 5.11 6.17 
1.22 0.52 1.41 
Sey 3.2 3.49 3.77 2.29 
1.8 2.33 2.82 1.17 
tr 0.03 0.09 0.33 
ae | 7.29 7.42 0.10 
100.0 | 100.01 100.29 99.91 


1. Actinolite-biotite granulite; chemical composition calculated from average mineral composi- 
tion of 10 dikes in Mt. Washington area. 

2. Dolomitic slate, Fitch formation, Littleton-Moosilauke area (Billings, 1937, p. 556). 

3. Green slate, near Janesville, New York; chemical composition, total includes BaO = 0.06, 
FeS. = 0.03 (Clarke, 1924, p. 554). 

4. Quartz gabbro, Moyie sill; R. A. Daly, from Washington (1917, p. 404). 


TABLE 5.—Vertical Distance of actinolite-biotite granulite dikes above Fitch formation 


; Altitude of Fitch | 
Number of dike Altitude formation (from structure Vertical difference 
contour map) 
(Feet) 
L 14 3250 | 3250 0? 
131 5010 3800 1200 
119 3740 3740 0? 
128 4230 | 3100 1130 
30 2330 2800 470 
172 2645 2645 0? 
89 3800 800 3000 
151 4750 3500 1250 
146 4300 3300 1000 
131 2645 2645 0? 


plastically injected into fractures in the overlying rocks, it is quite feasible to deter- 
mine how high each dike lies above its normal stratigraphic position. From the 
altitude of the dike is subtracted the altitude of the Fitch formation directly beneath 
it, as given in a structure contour map (Billings, 1941, Fig. 5, p. 908) (Table 5). 
It is apparent that, although some of the dikes are essentially at the same strati- 
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graphic position as the Fitch formation, their average location is 805 feet above the 
Fitch formation, with a maximum of 3000 feet difference in altitude. 


ORIGIN OF DIKE FRACTURES 


The northeasterly set of dikes (Fig. 4) includes the largest number. The hori- 
zontal set and the set that strikes N.10°E. are prominent. A minor set strikes 
N.30°W. All dip steeply. 

As shown in the point diagram (Fig. 3), the metadiabases occur in all four sets, 
The actinolite-biotite granulite dikes are found in all but the N.30°W. set. The 
kersantites are found in all but the northeast set. The camptonites apparently are 
confined to the northeast set, but when it is realized that structural data are available 
for only four of the seven camptonite dikes studied this fact is not very significant, 

A study of the origin of the fractures occupied by the dikes leads to inconclusive 
results. Several factors must be borne in mind; it is essential to distinguish between 
regional and local forces. Moreover, the local structure and inhomogeneities in the 
rocks may play important roles. Generalizations are also complicated by the fact 
that, although the structural trend throughout most of the area is northeasterly, in 
the southern part the trend is north-south (Fig. 2). Although many of the dikes 
belong to the White Mountain magma series, the fractures may be related to earlier 
stresses. 

The three maxima along the west margin of the contour diagram (Fig. 4), repre- 
senting the N.10°E. set, are due to about 17 dikes (Fig. 3). Eleven of these lie near 
the west side of the map area (PI. 1) in a belt extending for 6 miles south of Meadows. 
These dikes transgress the foliation of the Oliverian magma series at a high angle 
and obviously are not controlled by local structure. The fractures are probably 
due to regional upward pressure exerted by the White Mountain magma series. 
The major intrusives of this alkalic magma series occupy a north-south belt extend- 
ing from Rhode Island to southern Quebec. The upward pressure of this magma 
would form a long dome with a north-south axis. This would cause east-west ten- 
sion and thus produce north-south, steeply dipping tension fractures. 

No dike system radiates from the syenite stock at Cherry Mountain (PI. 1). 

The horizontal set of dikes include those that are horizontal or dip gently. The 
five horizontal dikes are along the unnamed stream in the southeast corner of the 
area. The dikes dipping gently to the northwest undoubtedly occupy a conspicuous 
set of joints which are well developed in the head wall of Huntington Ravine and on 
the east slope of Mt. Clay. In the head wall of Huntington Ravine many such 
joints striking N.20°E. and dipping 22°NW. parallel the axial planes of the minor 
folds and are occupied by seams of pegmatite an inch wide. These relations indi- 
cate that these fractures are contemporaneous with the last phases of the folding. 
They are presumably shear fractures due to a couple acting in a vertical northwest- 
southeast plane; the upper member of the couple was directed toward the southeast, 
the lower member toward the northwest. Some of the actinolite-biotite granulites 
were injected into joints of this northwesterly dipping system. 

The origin of the fractures occupied by the northeast set of dikes is more prob- 
lematical. Most of the dikes are in this set. They strike parallel to the general 
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trend of the Appalachian Mountain system and the average tectonic trend in the 
Mt. Washington area. Some of the 40 dikes belonging to this set are controlled by 
local structures; 4 seem to be controlled by the foliation of the igneous rocks; 1 by 
bedding; and 1 by the contact of schist with granite. However, many of the dikes 
of this set are in the southeast corner of the area where the regional strike is slightly 
west of north, indicating that the local structure has no control. 

The steeper dikes of the northeast set, dipping 70°~90°, may occupy release frac- 
tures, which sometimes form perpendicular to compressive forces when they cease 
to act (Billings, 1942, p. 103-125). The compressive forces causing these release 
fractures would have acted along northwest-southeast lines, fitting in with the gen- 
eral conception of Appalachian folding. This northwest-southeast compression must 
have occurred after the folding of the north-south striking schists in the southeast 
part of the area. The schists in the south were folded by local east-west forces. 
The 45° dipping dikes of this northeasterly system may occupy steep shear fractures 
related to the northwest-southeast compressive forces (Billings, 1942, p. 126). 

It is possible, of course, that regional doming along a northeast line, associated 
with the intrusion of the younger members of the New Hampshire magma series, 
might have formed tension fractures trending northeast. 

The normal faults and silicified zones of the area likewise have a northeasterly 
strike, with dips of 55°-65°SE. (Billings, 1941, p. 914-19). These faults suggest 
northwest-southeast tension. 

The N.30°W. set of dikes may occupy vertical extension fractures that formed 
parallel to compressive forces acting along northwest-southeast lines (Billings, 1942, 
p. 125). 


CONCLUSION 


A detailed study of the many dikes of the Mt. Washington area has resulted in the 
discovery of a set of actinolite-biotite granulite dikes of metasedimentary origin. 
Previously, igneous dikes only have been reported from New Hampshire. The 
metasedimentary dikes have been derived from the plastic flow of impure dolomites 
derived from the Fitch formation (Silurian) and were intruded into the schists of 
the Devonian Littleton formation after the climax of late Devonian folding and 
metamorphism. Some of the plastic dolomitic material has moved 3000 feet to its 
present position. Mineralogically and chemically the actinolite-biotite granulites 
resemble sediments rather than igneous rocks. 

The igneous dikes are typical of dikes of other localities in New Hampshire. The 
most numerous are the metadiabases, camptonites, and kersantites, which were 
intruded as part of the White Mountain magma series, probably in Mississippian 
time. 

The oldest dike found is the early Devonian amphibolite. Quartz diorite and 
thyolite were intruded as the early phase of the White Mountain magma series prob- 
ably in Mississippian time. Syenite porphyry is a little younger than the Moat 
volcanic representatives and older than the metadiabases, camptonites, and ker- 
santites. 
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The volcanic vents represent the last phase of igneous activity’in the region, 
They are probably late Mississippian in age. 

The dominant strike of the dikes of the region is northeasterly; the dips are steep 
to vertical. There is also a prominent horizontal set of dikes; a set striking N.10°E,; 
and a set striking N.30°W. Comparison with dikes in other parts of the State 
indicates that the prevailing strike of dikes in New Hampshire is northeasterly with 
steep dips. 

The origin of the dike fractures is not entirely conclusive. The N.10°E. set 
probably occupies tension fractures formed during north-south doming. The hor- 
zontal set presumably occupies shear fractures developed by a vertical couple acting 
along northwest-southeast lines. The northeast set may occupy release and shear 
fractures developed during northwest-southeast compression. They may be ex- 
plained, however, by regional doming, which caused tension fractures trending north- 
easterly. The N.30°W. set may occupy vertical extension fractures formed during 
the northwest-southeast compression. 
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ABSTRACT 


The geology of the Samoan archipelago is described, especially Tutuila where detailed work was 
done, and the geologic literature is reviewed. Tutuila was built by five volcanoes over two and 
possibly three parallel rifts trending N. 70° E. A caldera 6 miles across, formed by collapse of the 
top of the Pago volcano, is described, and its bounding fault is mapped. Pago Pago Bay is a drowned 
river valley cut by a stream along the curved base of the caldera wall. A thick series of tuffs and 
differentiated lavas partly filled the caldera. Several bulbous trachyte domes in a highly viscous 
condition pushed through these tuffs to the surface. One of them dragged upward with it for hun- 
dreds of feet a thick section of basalts. About 600 dikes and 40 faults are recorded. Several of the 
dikes are unusual; two contain oriented dunite xenoliths, and one contains bedded ash. Drilling 
ee that the fringing reefs of Tutuila are chiefly bedded calcareous sand and silt and not coral 
colonies. 

Upolu is a deeply eroded mass of Pliocene lavas surrounded by a drowned barrier reef and partly 
buried by late Pleistocene and Recent lavas. Upolu was submerged so rapidly in late Pleistocene 
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time that only narrow and interrupted fringing reefs grew on the steep shores of Pliocene rocks while 
awide barrier reef developed on the gentle slopes of the flat-lying Pleistocene lavas. The absence ofa 
continuous reef on Tutuila also is due to rapid submergence. Brief observations are recorded for 
the rest of the islands. The geologic histories of the various islands of the entire group are similar. 


LOCATION 


The Samoan archipelago in the South Pacific between 168° and 173° W. Long. and 
14° 35’ and 13° 20’ S. Lat. (Fig. 1) forms a chain 300 miles long trending S. 75° E. 


170° 163° 


Of losega 


Stotion 
MANUA GROUP 
ROSE’ 
10 
172° 170° 169° 


FicurE 1.—Map of the Samoan archipelago, South Pacific Ocean 


from Savaii and lies about 525 miles northeast of Fiji and about 100 miles north of the 
Tonga Deep. The principal islands from west to east are: 


witty | | 

BritIsH SAMOA 

AMERICAN SAMOA 
(with Aunuu)................... 54 2,141 10, 164 
2 1,590 500 


SCOPE OF THE INVESTIGATION 


The writer was on Tutuila from August 30 to October 24, 1941, and from March 18 
to 30, 1943, doing hydrologic and geologic work for the U.S. Navy. This report isa 
by-product of these investigations. Certain parts of Tutuila were studied intensively, 
but much of the island was mapped in reconnaissance fashion only. A week was 
spent in a small launch traversing the northern coast where exposures are excellent. 
landings were made at many places. A single day was available for landings on the 
islands of Ofu, Olosega, and Tau. Ofu and Olosega were circled by boat, but only 
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the western end of Tau was seen. A total of 10 days was spent on Upolu in 1941 an 
1943 in reconnaissance by airplane, automobile, horse, and foot. A boat trip was 
made from Upolu to the lava flow of 1906 on Savaii in 1941. An airplane reconnais. 
sance was made of Savaii in 1943. 


PREVIOUS INVESTIGATIONS 


Dana (1849, p. 307-336) was the first geologist to describe Samoa. His time for 
field work was short except on Upolu. He noted that Savaii was a large single ba- 
saltic volcano like Mauna Kea in Hawaii. On Upolu he explored the crater of Tafua 
Upolu and the crater lake of Lanutoo; noted dips of 3° to 6° in the lavas; recorded 
the Recent lavas above Apia, on the south coast across the island from Apia, and at 
Laulii; observed that Nuutele and Nuulua islets and Tapaga Point near by were tuff 
cones containing imbedded coral fragments; recognized the main fissure system 
parallel to the axis of the island with its line of cones; pointed out the youthful char- 
acter of the western district and the greater age of the central part, especially the 
northern side; was inclined to believe that subsidence had occurred but could not 
prove it and could find no evidence of emergence; and stated that the latest eruptions 
postdated the coral growth. 

He spent only 44 hours on Tutuila but during that time found boulders of feldspar 
porphyry and noted the dense aphanitic lavas and augite porphyries at Pago Pago 
Bay.. The-late lava at Leone was reported to him by a resident. 

He concluded that the Samoan Islands were built over two separate fissures, that 
the fires died out from Savaii eastward, and that the earliest eruptions of Upolu were 
comparable in age to those of Tahiti and Kauai. 

Jensen (1907, p. 641-672) described the historic eruptions of Savaii. He believes 
that the swamps and calcareous sand near Puapua, Savaii, indicate a recent uplift 
of 6 to 8 feet. 

Friedlander (1910, p. 509-541) explored the interior of Savaii and described its 
rift zones marked by lines of cones; noted that Apolima Island is a tuff cone and 
Manono Island a lava cone; saw no evidence of uplift on Upolu but recognized that 
its estuaries indicated submergence; thought because of differences in the extent of 
erosion that the part of Tutuila west of a line from Nuuuli to Fagasa is younger than 
that to the east; noted the tuff at Faleniu and Leone Bay, the gabbro near Fagasa, 
the trachyte in Pola Island, the tuff in Aunuu Island, and the youth of the tuff cones 
on Tutuila in comparison with its main mass; was unable to determine whether Pago 
Pago Bay was caused by erosion or faulting but favored the faulting origin; thought 
that the islands of Ofu and Olosega were remnants of a wall between two collapsed 
craters; observed the youth of Tau and stated that the wall on the southeastern side 
is the wall of a crater of collapse. His collection of rocks was examined by Weber, 
whose petrographic contributions are reviewed by G. A. Macdonald (1944). 

Thomson (1921, p. 49-66) extensively reviewed the geologic literature. He visited 
western Samoa only. He noted that the high sea cliffs along part of Upolu were not 
fringed by reefs. He thought the lack of reefs indicated downfaulting of these parts 
of the coast and drowning of the reefs. 
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Mayor (1924, p. 1-25) made exhaustive studies of the structure and ecology of the 
futuila reefs. He thought that the soundings on Coast and Geodetic Survey Chart 
No. 4190 indicated a barrier reef drowned about 32 to 40 fathoms around Tutuila. 
He (1924, p. 73-91) also described Rose Island where he found many remnants of 
oral reef 5.5 feet above sea level indicating Recent emergence. 

Chamberlin (1924, p. 145-178) agrees with Mayor that a drowned barrier reef 
surrounds Tutuila but disagrees with Daly that there is evidence that the reef is 
tilted. He believes the reef grew on a wave-cut and wave-built shelf now submerged 
at least 400 feet and probably more, and too deep to have been formed under the 
nditions of glacial control without subsidence; also, that this shelf indicates a former 
lng period of great stability. His final conclusion supplements rather than con- 
tadicts Darwin’s theory of coral reefs. He noted also that the lava flows radiate 
fom various volcanic foci. 

Daly’s (1924, p. 95-145) work resulted in many valuable conclusions regarding 
magmatic differentiation. Macdonald has summarized his contribution to the 
petrography of Tutuila. Daly’s other findings were that (1) Tutuila is a single exog- 
mous dome; (2) the main mass of Tutuila, on the basis of erosion, is no younger than 
arly Pleistocene and is perhaps Pliocene or older; (3) agreed with Mayor and Cham- 
berlin that a drowned barrier reef surrounds Tutuila; (4) Pago Pago Bay is the result 
of stream erosion and subsequent drowning with the drainage perhaps concentrated 
along a line of depressions caused by explosions; (5) the rocks on opposite sides of 
Pago Pago Bay do not seem to match and might indicate slumping at some stage in 
the growth of the volcano; (6) Matafao and Pioa peaks are pluglike masses of tra- 
chyte which rose into large funnel-shaped craters largely filled with basaltic breccia; 
(i) trachytic fragments lie in the breccia, but their relation to the trachytic plugs is 
obscure; (8) about 40 dikes crop out in the shore cliffs; and (9) there has been a late 
emergence, which he estimates as 6 meters. He mapped some of the Leone lava and 
tuff but did not find the source of the lava. He recorded no faults. 

Daly contributed the following regarding Ofu and Olosega Islands of the Manua 
goup: (1) Ofu and Olosega are twin relics of a single basaltic island originally the 
sizeof Tau. (2) Cliffs 100 meters or more high have been cut by the sea. (3) He pro- 
posed three hypotheses for the high cliffs: (a) walls of calderas of explosion; (b) fault 
sarps of calderas of collapse (previously proposed by Friedlander); and (c) scars of 
gigantic landslips. He rejected the explosion hypothesis but could not decide 
between the merits of the others. (4) He noted the abundance of olivine basalts and 
of pyroclastic material. (5) He commented on the remarkable dike exposures. 
(6) He noted the deep weathering as evidence of age. (7) He observed the Recent 
age of Nuu Islet. 


TUTUILA (AMERICAN SAMOA) 
SUMMARY OF CONTRIBUTIONS BY THE WRITER 


The writer’s chief contributions to the knowledge of the geology of Tutuila are: 
(1) Tutuila was built by five volcanoes on two and possibly three parallel rifts 
trending N. 70° E. 
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(2) A profound angular unconformity separates a dike complex and later lava ex. 
tending 2 miles northeast from Afono Bay. 
(3) A fault of great displacement bounds a caldera 6 miles across in the Pago 
Volcano. 
(4) Pago Pago Bay is a drowned river valley that owes its great size to stream ero- 
sion, chiefly in weak tuffs, along the base of a caldera fault scarp. 
(5) The Matafao plug is bordered by contemporaneous friction breccia and cuts 
through an older series of explosion tuffs and breccias interbedded with basalts, 
(6) The Pioa plug pushed upward through a thick series of nearly horizontal tuffs 
that had accumulated on the floor of the Pago caldera and not through a funnel- 
shaped pipe filled with tuffs. 
(7) A caldera 1 mile in diameter exists in the Alofau Volcano. 
(8) Remnants of a coral reef that grew during a stand of the sea 5 feet higher than 
the present. 
(9) Maps of vents from which the Leone volcanics issued. 
(10) Discovery of an unconformity between the Recent tuffs. 
(11) Recording of about 600 dikes and 40 faults. 
(12) Description of a dike infilled with bedded ash. 
(13) Description of two dikes filled with oriented dunite xenoliths. 
(14) Maps of four plugs and one dike of trachvte not previously recorded. 
(15) Summarization of records of 25 borings showing that the fringing reefs in Pago 
Pago Bay are built almost entirely of calcareous silt and sand. 
(16) Evidence that the absence of extensive reefs is due to rapid submergence in late 
Pleistocene time. 
(17) Evidence that most of the drainage is controlled by the structure of the 
volcanoes. 


GENERAL CHARACTER AND AGE OF THE ROCKS 


Tutuila is chiefly basaltic volcanic rocks with small amounts of trachyte, andesite, 
alluvium, coral beach sand, and fringing coral reefs. The main bulk of the volcanic 
rocks appears from its weathered and eroded condition to be Pliocene or earliest 
Pleistocene. For brevity these rocks will be called Pliocene. Plant fossils found in 
the tuffs give no clue to the age of the rocks. Fresh basaltic tuffs and lavas form a 
broad flat plain on the southwest side of the island. They appear to be Recent. A 
tuff cone of Recent age also forms Aunuu Island. The alluvium and beach sand is 
either unconsolidated or weakly consolidated and likewise Recent. Two lines of 
wash borings to depths of 50 to 80 feet across the fringing reef adjacent to Pago Pago 
Village revealed that the upper 80 feet of the reef is almost entirely slightly com- 
pacted calcareous silt and sand, except at the surface where there is a veneer of 
cemented coral, coralline algae, and coral sand. Twenty-five holes were made on 
these two lines in 1941. 

The Pliocene rocks are grouped about five volcanic loci which, for convenience, 
have been named. The age relation of the rocks of each locus to the adjacent one 
awaits further study. A stratigraphic section is given in Table 1. 
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MASEFAU DIKE COMPLEX AND BRECCIA 


The Masefau dike complex consists of hundreds of closely spaced dikes intruded 
into thin-bedded basalts. The complex and the overlying talus breccia crop out on 


TABLE 1.—Stratigraphic section of Tutuila 


Geologic age 


Formation 
(Mapped on Pl. 1) 


Thickness | 


(Feet) 


General character 


Recent 


Sedimentary rocks 
(undifferentiated) 


200+ 


Brown, silty, poorly sorted, unconsolidated 
alluvium in the valley floors; coarse talus 
debris at the foot of cliffs; and loose calcare- 
ous sand and coral gravel with small amounts 
of cemented beach rock along the coast. 


Leone volcanics 
(Lava, ash, tuff, and 
cinders mapped 

separately) 


Olivine (picritic) pahoehoe basalt spread from 
a fissure reaching from Olotele Peak to 
Fagamaa Crater which is marked by a cone 
chain. The lava is veneered with tuff over 
a large area. Cinder member forms cones 
about 250 feet high at the source of the 
Tafuna flow. Stony ash member forms a 
cone about 200 feet high composed chiefly 
of nodular stony essential ejecta and a small 
amount of accessory basaltic ejecta in a 
matrix of black volcanic sand and lapilli. 
The ash is overlain by the tuff member. 
Thin-bedded lithic-vitric tuff member 
ejected from three craters near Steps 
Point. The tuff from Fagatele Crater is 
separated by an erosional unconformity 
from the overlying Fagamaa tuff, but the 
tuffs can only be separated along the coast 
near Steps Point. 


Aunuu tuff 


erosional unconformity 


Pliocene and 
earliest 
Pleistocene 


Trachytes 
Pioa 
Papatele 
Matafao 
Lefulufulua 
Leila 
Tau 
Vatia 
Afono 


200+ 


| Lithic-vitric tuff forming Aunuu Island. 


| 2141+ | 


| 
| 
| 


Dense, jointed, cream-colored, trachytic dikes, 
plugs, and crater fills later than most of the 
Pliocene volcanics. 


(?) 


Taputapu volcanics 


1639+ | Thin-bedded olivine basalts capped in places 


| 
| 


with a few somewhat thicker andesitic 
basalts forming a shield-shaped dome over a 
N. 75° E. rift. Vitric tuff beds and cinder 
cones are interbedded with the lavas. The 
lavas apparently overlap the Pago Volcano. 
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TABLE 1.—Continued 


Thickness 


Geologic age (Men; poy D (Feet) General character 
Extra-caldera vol- | 1609+ | Lower member is composed of thin-bedded 
canics primitive olivine basalts, associated thin 
(Upper and lower dikes, and thin beds of vitric and lithic. 
members mapped vitric tuff having an aggregate thickness of 
together on Plate more than 1000 feet, all dipping 10° to 25° 


Pago volcanic series 


1, Trachyte in 
upper member 
mapped separ- 
ately.) 


away from the caldera. 


Upper member is composed of basalts, basaltic 


andesites, andesitic basalts, and andesites, 
associated with trachyte plugs (Tau, Mata- 
fao, Pioa, Vatia, and Afono plugs). The 
flows are massive and contain much inter- 
bedded vitric tuff and local thick cinder 
deposits. They have a maximum thickness 
of 500 feet and form a conformable cap on 
the lower member. In places erosion ex- 
poses the lower member. 


Intra-caldera__ vol- 
canics 
(Trachyte and in- 
terbedded lithic 
tuff member 
mapped separ- 
ately.) 


2141+ 


Massive aphanitic and porphyritic basaltic and 


andesitic lava flows, and cinder cones, asso- 
ciated with three trachyte plugs (Matafao, 
Papatele, and Pioa plugs), partly fill a broad 
caldera. A few thin lenses of gravel are 
included. The rocks are similar in charac- 
ter and age to the upper member of the 
extra-caldera volcanics. 


The interbedded lithic-vitric tuff member is 


50 to 500 feet thick and is composed chiefly 
of thin- and thick-bedded, fine- and coarse. 
grained tuffs and breccias. 


Alofau volcanics 


962+ 


A shield-shaped dome built over a N. 70° E. 


rift zone and composed almost entirely of 
thin-bedded primitive olivine basalts asso- 
ciated with one plug of trachyte (Leila plug). 
The summit was indented by a caldera Imile 
across in the walls of which are now exposed 
several hundred basaltic dikes, a few of which 
are porphyritic. The latest extra-caldera 
lavas of the Pago Volcano apparently over- 
lap the Alofau dome on the northwest side. 


Olomoana volcanics 


1074+ 


Composed largely of olivine basalts but capped 
with andesitic basalts and perforated by 
one plug of trachyte (Lefulufulua plug). 
Several large cinder cones and numerous beds 
of vitric tuff are exposed in the volcano. 
The latest lavas from Alofau Volcano ap- 
parently overlap the Olomoana cone. 
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TABLE 1.—Continued 


Geologic age ( General character 


(?) unconformity 
Masefau dike complex 200+ | Thin basaltic flows dipping 10° to 20° NW. 
cut by hundreds of basaltic dikes a few inches 
to 6 feet wide striking N. 70° E. and dipping 
slightly southward. Much of the lava rock 
between the dikes is shattered by faulting. 
The complex is truncated on the top appar- 
ent!y by an erosional unconformity and on 
the northern side by a fault (?) scarp. 
Above the fault (?) plane lies 20 to 100 feet 
of talus and firefountain debris (too small 
in area to be shown on Plate 1) and 50+ 
feet of lavas of the Pago volcanic series. 


the east side of Afono Bay, in Bartlett Island off Masefau Bay, and in the promon- 
tory opposite the island as shown on Plate 1. A magnificent exposure lies on the 
north side of this promontory (Fig. 2). The complex is named from the latter locality 
which is near Masefau Village. The dikes are injected into lava flows and range 
from a few inches to 5 feet wide; the average width is about 18 inches. Most of the 
lava flows are more or less brecciated. Many of the dikes are vesicular and platy. 
Some are amygdaloidal. Their average trend is N. 70° E., and most of them are 
inclined slightly to the south. Faults border some dikes. By analogy with dike 
complexes elsewhere, the complex was apparently formed not more than 2000 feet 
nor less than 1000 feet below the surface of a rift zone. A few dikes that probably 
belong to the Pago volcanic series cut the complex. 

The north side of the complex is abruptly terminated by a cliff, partly exhumed, 
striking southeast and dipping 60° NE. It is probably a fault cliff but it may be a 
sea cliff or an eroded fault scarp (Fig. 2, unconformity). Resting on the face of the 
diff is a prism of talus breccia 10 to 125 feet thick with an earthy matrix (PI. 2, fig. 2). 
Upon the breccia is 10 to 75 feet of vitric basaltic pumice and cinders on which lie 
aa basalts that cascaded down the cliff. A few dikes cut these lavas. The dike 
complex with its overlying breccia is well exposed in the cliff west of Masefau Village. 

The dike complex at Afono is likewise cut by a cliff, partly exhumed, facing north 
and overlain by beds of firmly cemented amygdaloidal talus breccia and later lavas 
with dips of 25° to 32°. A trachyte dike about 60 feet wide, striking N. 60° E., cuts 
through the dike complex and joins the adjacent plug. It appears to be much 
younger than the complex and a part of the Pago volcanic series. A few basalt dikes 
cut the breccia. No trachyte fragments were found in the breccia. About 150 dikes 
trending N. 65° E. are exposed on the east side of Afono Village. 

Removal of the 1000 feet or more of lavas that formerly overlaid the dike complex 
south of the partly exhumed cliff is best explained by erosion. The cliff may be the 
eroded caldera wall of a volcano older than the Pago Volcano with its vent north of 
the present coast; or it may be an eroded early rift zone horst block of the Pago Vol- 


‘bedded 
d thin 
lithic. 
ness of 
to 25° 
asaltic 
lesites, 
Mata- 
. The | 
inter- 
cinder 
ckness 
mM ex- 
ic and : 
tafao, 
el are 
larac- 
f the | 
Der is 
hiefly | 
YE, 
ly of 
lug). 
[mile 
i 
yver- | 
ide. 
ped 
ug). | 
ano. 
| 


1288 H. T. STEARNS—GEOLOGY OF SAMOAN ISLANDS 


cano, subsequently buried by lava flows. The dike complex resembles the pinnacled 
dike complex exposed on Ofu Island. Additional field work is needed in this area, 

The lava fiows between the dikes are thin-bedded on the west side of the little re. 
entrant west of Bartlett Island and dip 20° NW. Apparently not all this dip is due 
to faulting, but the amount that is could not be ascertained. 


eccia 


Br 


FicurE 2.—Unconformity in the Masefau dike complex, Tutuila 


Lava flows in all stages of fragmentation indicate funneling downward of interdike 
remnants of the country rock during the injection of the dikes. This confirms ob- 
servations in the Hawaiian Islands that much of the rock in the rift zone shatters 
slowly, during repeated intrusion, and settles downward into the underlying magma 
chamber as a breccia. 


OLOMOANA VOLCANICS 


The Olomoana volcanics are chiefly basalts and cover about 14 square miles at the 
eastern end of the island surrounding Olomoana Peak, altitude 1074 feet. Several 
large dense plugs and craters fills, about 2000 feet across, and remnants of their 
associated cinder cones are exposed along the coast. Cape Matatula is the largest 
plug. Palagonitized vitric tuff deposits are interbedded with the lavas in many 
places. A large partly exhumed cinder cone lies at an altitude of 250 feet in the 
stream draining to Tula. The topographic map for this area is very inaccurate. A 
large amphitheater-headed valley drains to Alao. Additional work may show the 
valley to be an eroded crater. Near its head olivine basalts strike east-west and dip 
10° N. under heavier bedded lavas cut by a fault striking N. 75° W. The Lefulufulua 
plug cuts all these rocks. Olomoana Volcano was probably built on the northeast 
rift of Alofau Volcano during the closing phase of Pliocene activity in Tutuila. 

The lavas of Alofau Volcano appear to overlap the west slope of the Olomoana 
cone, but the unconformity was not found. Both volcanoes may have been essen- 
tially contemporaneous. Lavas on the promontory forming the east side of Aoa 
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Bay dip south. They probably came from a small local Pliocene cone now eroded 
away by the sea. 
ALOFAU VOLCANICS 

The Alofau volcanics include all the thin-bedded, chiefly olivine-bearing aa and 
pahoehoe basalts, and the dikes, breccias, firefountain deposits, and trachyte forming 
Alofau Volcano. They cover about 13 square miles on the east side of Fagaitua 
Bay and are named from the village of Alofau in the center of the volcano (PI. 1). 
They appear to be overlapped on the east side by the late lavas from the PagoVolcano. 
The Alofau lavas are chiefly primitive basalts in flow units 1 to 2 feet thick dipping 
from 10° to 20° away from Alofau Village. A typical dike complex is exposed along 
the road between Cape Fogauso and the spur southeast of Fagaitua Village. 

About 130 individual dikes and 1 fault are exposed in the 375-foot stretch of road 
crossing the promontory on the north side of Alofau. No exposures occur in 75 feet 
of the stretch. The record is from west to east. 

SECTION OF THE ALoFAU DrkE COMPLEX 
ta N. 65° E 
3.0 N. 70° E 
2 N. 60° E 
2 N. 65° E 
3 N. 75° E. 
1 N. 70° E 
1 N. 70° E 
Olivine-pyroxene porphyry with olivine xenoliths, dipping 
6 N. 65° E. 
Platy multiple dikes 6 inches to 3 feet wide............... 25 N. 80° E 
Single olivine-pyroxene porphyry with olivine segregations 
Multiple dikes 6 inches to 3 feet wide; one is olivine por- 
Vesicular basalt flows cut by several thin dikes............ | 7s* 
Feldspar porphyry (Specimen S38)..................004- | 5 N. 80° E 
Olivine porphyry bordered by fault breccia. .............. 7 N. 65° E 
Four irregular thin dikes cutting 20-foot stretch of | 
slightly shattered olivine basalt...................... 
Multiple dikes, one 4 feet wide...............5.0.060.0004. | 12 N. 75° E 
he 4 N. 60° E 
Center of dike filled with olivine xenoliths reaching 3 inches 


* Aggregate thickness of dikes and intervening rock. 
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Rock is not exposed in the flat occupied by Alofau Village. Where the road as. 
cends the spur to the south, 91 dikes and 3 bands of fault breccia were noted ina 
stretch of about 1350 feet even though rock is exposed for only about half the distance, 
Most of the dikes in this stretch trend N. 80°-85° E. Beyond, the number of dikes 
decreases rapidly. 

Talus breccia containing blocks up to 3 feet across and dipping 32° SE. overlies 
truncated basalts in the road cut about 300 feet southeast of Fagaitua Stream. The 
contact strikes N. 50° E. and dips 40° SE. It seems to indicate a fault scarp and 
the caldera wall of Alofau Volcano, the approximate position of which is shown on 
Plate 1. The rim of the caldera decreases in height rapidly to the southwest prob- 
ably indicating that the southwestern half of the caldera rim was considerably lower 
than the northeastern half at the time of extinction. It is now eroded and submerged, 


PAGO VOLCANIC SERIES 


General statement.—The Pago volcanic series includes the extra-caldera lavas, dikes, 
plugs, cinder cones, vitric tuffs, lithic tuffs, and breccias; and the intra-caldera lavas, 
dikes, plugs, cones, tuffs, and breccias. Time was not available to map all the tuffs, 
but those shown on Plate 1 indicate their distribution. 

Extra-caldera volcanics.—The extra-caldera volcanics consist of two distinct mem- 
bers, locally transitional but probably mappable if a detailed petrographic survey 
were made. They are the pre-caldera primitive olivine basalts and their associated 
dikes and pyroclastics, and the post-caldera differentiated lavas, chiefly olivine ba- 
salts, andesites, and trachytes and their associated dikes and pyroclastics. (Mac- 
donald, 1944.) The post-caldera lavas overlie conformably the pre-caldera lavas 
although a few gravel and hillwash deposits occur locally. The post-caldera trachytes 
have been mapped separately at Afono and Vatia (Pl. 1). The best exposures of 
extra-caldera rocks are along the north coast in the nearly continuous sea cliffs. The 
dikes, faults, and other details plotted on Plate 1 along that coast were nearly all 
mapped from a moving boat; hence, small errors in strike may have been made. 
Structures which merged with the adjacent lavas were probably missed. Relatively 
few structures are exposed along the coast between the bays because erosion has 
barely cut through the carapace of the volcano. Many dikes and faults are exposed 
in the long bays that cut the volcano transversely. The widest basaltic dike found 
in these volcanics measures 60 feet across. It trends N. 50° E. and crops out along a 
jeep trail near the northwest corner of Mormon Valley. Fifty feet south of it is a 
fault with large but unmeasurable displacement trending N. 50° E. and dipping 75° 
NW. A dike 30 feet wide crops out in the west side of the bay half a mile southwest 
of Point Nelson, not far below the level at which its lava erupted. Such wide dikes 
are rare and are probably local swellings. Very little structure is exposed in Vatia 
or Masefau bays because short stretches only of their shores are cliffed. A quarter 
of a mile west of Masefau Village on the trail to Afono is a basalt carrying dunite 
xenoliths up to 4 inches across and rare pyroxene crystals 1 inch long. Continuous 
outcrops exist in Fagasa and Afono bays. They were mapped by traversing the 
fringing bench at low tide. The details follow: 

Fagasa Bay: Excellent exposures of pre-caldera thin-bedded primitive olivine ba- 
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FIGURE 1. ‘Dike TRUNCATED BY Fautt, FAGASA Bay, TuTuILa 
Rubble along fault, A; truncated 234-foot basalt dike, B; vitric tuff 
deposited in fault trench, C; and thin-bedded aa basalt cut by dike 


and fault, D. 


Ficure 2. INTERFORMATIONAL TALUS Breccia, NEAR MASsEFAu Bay, TUTUILA 
It partly buried the cliff truncating the Masefau dike complex and is overlain by extra-caldera 


lavas of the Pago volcanic series. 
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Ficure 1. Horizonratity Beppep Virtric Turr, TuTuILa 
Deposited in a lava tube and subsequently exhumed by marine erosion in the promontory 
on the west side of Fagasa Bay. 


Ficure 2. Looxinc Eastwarp Across Paco Paco Bay, TuTuILa 
Extra-caldera volcanics in eroded wall of Pago caldera, A; Pioa plug, B; Papatele plug, C; and the intra- 
caldera volcanics, D, of the Pago volcanic series. Valley was cut along the fault bounding the east side of 
the caldera and subsequently submerged to form Pago Pago Bay. 


TUFF IN TUBE AND PAGO PAGO BAY, TUTUILA ISLAND 
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salts and tuffs, and a dike complex and its associated faults form the shore of Fagasa 
Bay (Pl. 1, insert B). The circular form of Fagasa Valley suggests a subsidiary crater 
on the side of the Pago Volcano subsequently enlarged by stream erosion, but the 
fact that all the lava beds bordering the bay dip away from the Pago caldera rim and 
show neither quaquaversal nor centripetal dips in relation to the bay is unfavorable 
to such a hypothesis. 

Thirty dikes, most of which strike between N. 80° W. and due west, cut thin- 
bedded aa basalt in 200 feet of exposure along the coast at the head of the bay. The 
widest dike is 6 feet across, but 25 are 2 feet or less in width. Many are platy and 
vesicular. The fault shown in Plate 1, insert B, at the head of the bay, has a down- 
throw of 3 feet to the south. One 4-foot dike striking due west has fault breccia on 
its south side, and a 6-foot parallel dike near by is brecciated in the middle, — 
faulting. Displacements could not be ascertained. 

Sixty-eight dikes and several faults are exposed in the west shore of the we. The 
widths of the dikes are as follows: 49 less than 2 feet; 13 between 2 and 5 feet; and 6 
between 5 and 6 feet. Most of them trend nearly west. The dikes are too numerous 
in the southeastern part to be shown in the insert on Plate 1. They decrease rapidly 
in number near the promontory at the entrance of the bay, partly because the rocks 
there are stratigraphically close to the original surface of the volcano. A few struc- 
tures justify description. 

The main fault zone is half way to the point of the promontory. Seven dikes, 
either brecciated or bordered by 6 inches to 2 feet of fault rubble, were noted between 
the village and the promontory. These faults are in addition to those listed in 
Table 2. 

Faults 12 and 13 bound a former crack or trench which is filled with blocks of basalt 
reaching 4 feet across, vitric ash, and other debris (PI. 2, fig. 1). ‘The deposit indi- 
cates that the crack was shallow and, like those in the southwest rift of Kilauea 
Volcano, Hawaii (Stearns and Clark, p. 130), was filled by blocks falling from the wall 
and the infiltration of ash and hillwash. The ash beds are truncated 8 feet from the 
north wall of the crack fill indicating that subsequent movement caused the center 
portion to drop deeper into the crack. The structure is exposed along the coast for 
300 feet. 

A clastic dike of horizontally bedded pale-brown vitric-lithic tuff 4 to 8 inches wide, 
lying within a platy basalt dike 18 inches wide, is exposed on the shore (Fig. 3). Ap- 
parently it was formed by the basalt dike being pulled apart after solidifying, thereby 
forming a crack into which ash sifted from the surface. At the tip of the promontory, 
a lava tube with a core of horizontally bedded vitric ash has been exposed by erosion 
(Pl. 3, fig. 1). The ash, like that in the dike, must have filled the tube by infiltration 
while it was on the surface of the volcano. It was then buried by later flows and 
only recently exhumed by wave erosion. 

Firefountains played repeatedly in this area as many vitric tuff beds a few inches 
toa few feet thick are intercalated with the lava flows. A similar sequence is exposed 
on the south rift zone of the West Maui volcano, Hawaii (Stearns and Macdonald, 
1942, p. 162). In spite of the short interval between eruptions, vegetation molds 
in the lava beds along the shore are fairly common. 
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Thirty dikes, mostly less than 2 feet wide, are exposed on the northeast side of Fagasy 
Bay. A few probably are the continuation of dikes already described striking north. 
eastward on the opposite shore. The dikes cut thin-bedded primitive-type aa ba. 
salts with flow units averaging about 18 inches in thickness (PI. 6, fig. 1). An olivine 


TABLE. 2.—-Major faults on the west side of Fagasa Bay 


No. Strike Dip ar al | Remarks 
1 N. 35° E. 60° NW. 6.0 | Bordered by 2 feet of ia; cuts dike. 
2 N. 80° E. 70° NW. 8.0 Bordered by 2 feet of breccia; truncates dike, 
3 N. 55° E. 70° SE. (?) | Downthrow apparently small. 
+ N. 15° E. 65° NW. 8.0 | Displaces 2-foot bed of yellow vitric tuff. 
5 N. 50° E. 70° NW. 0.5 | Associated with fault 4. 
6 N. 50° E, 70° NW. 0.5 Associated with fault 4. 
7 N. 35° W. 90° 2.0 | 100 feet from fault 6; downthrow to NW. 
8 N. 70° E. 45° NW. 6.0 
9 N. 60° E. 80° NW. 4.0 | Bordered by 6 inches of breccia. 
10 N. 65° W. 90° 4.0 | Downthrow to northwest. 
11 nN. 35° B. 90° 3.0 | Downthrow to northwest. 
12 N.80°W. | 75°, (?) } Faults 12 and 13 border a crack 25 feet wide 
13 N. 80° W. | 80°S. (7) | filled with breccia (Pl. 2, fig. 1). 
14 N. 80° W. | 90° 20+ | Vitric tuff beds are downthrown on north 
| | side below sea level; hence, amount of 
| throw not measurable. 
15 N. 75° W. 80° NE. | 2 | Downthrows yellow vitric tuff bed. 


basalt dike just beyond the village, striking N. 15° E. and 3 feet wide, is unique be- 
cause its core contains dunite xenoliths oriented with their vertical axes parallel to the 
sides of the dike and with their larger and heavier ends downward (Fig. 4). The 
core is the same age as the platy margin but remained liquid longer. It seems that 
their concentration is due to the heavy xenoliths sinking in the liquid at the close 
of the eruption. Dikes with scattered xenoliths are common in Tutuila, but only 
two were found in which xenoliths were concentrated. The concentration appears 
to have taken place 500 feet or less below the surface. 

Three faults and two crack fills of breccia were noted. The breccia bands strike 
N. 55° W. and N. 75° W. and are 15 and 25 feet wide respectively. Between them 
is a downthrown slice of thin-bedded basalt with two interbedded vitric tuff layers 
1 foot thick. Just east of the breccia lies a dense columnar-jointed aa basalt 150 
feet thick, that is probably locally thickened by congealing in a fault trough. It is 
incongruous in its setting of thin-bedded basalts. 

Arono Bay: Twenty-six dikes trending mostly between N. 70° E. and N. 70° W., 
and 3 faults are exposed on the western shore of Afono Bay. The eighth dike north 
of the village is a porphyritic basalt with plagioclase phenocrysts concentrated in the 
middle of the dike. It is 18 inches wide, strikes N. 60° E., and dips 70° N. Por- 
phyritic dikes containing augite and olivine phenocrysts are abundant. The fifteenth 
dike is 18 feet wide, aphanitic, and strikes N. 70° E. The unusually great width 
probably means that it is not far below the level at which the lava erupted. Just 
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north of this dike is a fault striking eastward and dipping 70°S. It shatters the rock 

for a width of 6 feet and has a downthrow of 25 feet to the south. A 2-foot vitric 

uff bed cut by the fault shows a definite drag. About 50 feet farther north a vertical 
2: 


FicurE 3.—Basalt dike enclosing horizontally bedded vitric-lithic tuff, Fagasa Bay, Tutuila 


fault trends due east. ‘The block on the north side is downthrown 20 feet, and the 
bedding shows drag. These two faults bound a narrow horst block. A little to the 
north a buried cliff strikes due east and dips 70° N. It is more than 30 feet high and 
plunges below sea level. It probably does not extend far below sea level, as the lava 
that flowed over it shows very little ponding, and the buried talus at its foot is only 
6 feet thick. It is probably a low fault scarp. A 10-foot laminated pumice bed a 
short distance to the north is cut by three porphyritic dikes containing phenocrysts 
of olivine and augite. 

Still farther north is a 40-foot bed of blocky explosion breccia interstratified with 
the lavas, striking N. 70° W. and dipping 25° NE. The rounded corners of the blocks 
commonly distinguish such deposits from ancient talus breccia (Pl. 2, fig. 2). The 
bed is cut by a 6-foot dike carrying olivine xenoliths and scattered pyroxene pheno- 
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crysts. The dike is split by a fault striking N. 70° W. and dipping 85°S. The south 
side is downthrown 5 feet. The breccia bed is also exposed on the west side of Cragg 
Point. 


About 1000 feet southwest of the point an aphanitic dike contains in its core a 
vertical band of explosion breccia 5 feet wide and a fragment of dike rock 6 feet long 
(Fig. 5). The dike strikes N. 75° E. After the dike congealed, apparently tension 
pulled it apart to form an open crack at the surface prior to the explosion that formed 
the breccia. The same dike farther southwest has an 8-foot vesicular core without 
breccia. The ejecta simply fell into the crack. Fissures were filled, in the same 
manner, on Kilauea Volcano, Hawaii, in historic time. About 100 feet to the south- 
west is a massive bed of basalt that probably congealed in a fault depression. It is 
underlain by 6 feet of rubble. 

Some of the breccia interbedded with the basalts in the small bay west of Afono 
appears to be explosion debris that rolled or washed down a steep slope prior to burial. 
The beds pinch out up the dip. On the west shore of this bay is a partly exhumed 
fault cliff with 50 feet of talus at its foot dipping 32° NW. The downthrow appears 
to be 25 feet or more to the northwest. 

The whole series of lava, tuff, and breccia beds on the west side of Afono Bay ap- 
pears to be plunging over the buried escarpment bounding the north side of the 
Masefau dike complex, but additional field work is necessary to establish this point. 
A jeep road cut into the west wall of Mormon Valley in 1942 exposed the dike 
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complex underlying the west rift zone of the Pago Volcano. Fifty-one closely spaced 
dikes are exposed, and many more probably lie concealed in the stretches where cuts 
were not made. The dikes trend chiefly S. 70°-80° W. Most are less than 3 feet 
wide, but one is 60 feet wide, another 25 feet, and another 12 feet. A plug of gabbro 


Ficure 5.—Dike with core of explosion breccia enclosing dike fragment, near Afono Bay, Tutuila 


50 feet across is also exposed. One dike carries dunite xenoliths. The dike complex 
is exposed also in the gorge northeast of Tau Peak where 40 dikes striking S. 60°-70° 
W. crop out in a stretch of a few hundred feet. 

Intra-caldera volcanics —The volcanics filling the Pago caldera crop out over an 
area 4 miles wide and 6 miles long within the fault boundary of the caldera (Pl. 1). 
They dip chiefly southward, southeastward, and eastward from Matafao with 
angles of 5° to 25° and are more than 2141 feet thick (Pl. 1, insert A). Excluding the 
Matafao, Pioa, and Papatele trachyte plugs, they make up a series of basalts, ande- 
sites, and related rocks that are exposed for 1600 feet above sea level. They extend 
an unknown distance below sea level. Many bulky cinder cones are interstratified 
with them as well as a tuff and breccia member. 

The lava flows that poured eastward, northward, and westward were ponded with- 
in the caldera. They are massive beds, typical of confined lavas, and have low dips. 
In addition, many exposed plugs and crater fills give the assemblage an unusually 
massive appearance compared with insular basaltic volcanoes in general. The few 
dikes found range from 3 to 50 feet in width, in keeping with the massiveness of the 
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lavas. The 50-foot dike strikes N. 40° E. and cuts red cinder at an altitude of 960 
feet half a mile northwest of Matafao Peak. A 2-foot cross-jointed dike containing 
feldspar phenocrysts 1 to 1} inches across crops out at an altitude of 540 feet (barom. 
eter) in the road from Pago Pago Village to Fagasa Pass. Pahoehoe is scarce. The 
lavas are mostly aphanitic and olivine poor, typical of differentiated lavas late in the 
history of a basaltic volcano. Their eruption within a deep depression makes them 
level with or lower than the pre-caldera primitive basalts in many places. Some of 
the differentiated lavas apparently erupted on the rim of the caldera and spilled down 
into the caldera as shown by steeply dipping aphanitic lavas overlying the Pago tuff 
member a short distance northeast of the Fagasa-Pago trail. 

The Fagasa gabbro (PI. 1), noted by Daly, was found at an altitude of 860 feet (ba- 
rometer) on the divide between Fagasa and Pago Pago valleys. The jointing strikes 
due north. It appears to be a wide dike, but the jungle obscures its form. 

Tuff and breccia member: The tuff and breccia member of the Pago volcanic series 
is the explosion debris that accumulated during the extravasation of the intra-caldera 
lavas. Some of its outcrops are shown on Plate 1. The type locality is at the head 
of Pago Pago Valley on the north side of the trail to Fagasa. It is about 500 feet 
thick and forms the entire head wall of the valley at this locality. Its bottom is not 
exposed. The member was not found outside the caldera. A detailed survey might 
locate exposures outside the walls although most of the tuff and breccia probably 
have been eroded away. Some of it must be preserved under cappings of the late 
extra-caldera lavas correlative with the intra-caldera lavas. 

The deposit contains the whole gamut of explosion debris—lithic, crystal-vitric, 
and lithic-vitric essential and accessory ejecta. The beds range in texture from 
very fine-grained laminated silty tuffs through lapilli tuffs to coarse blocky beds of 
breccia 20 feet thick containing ejecta 5 feet across. Thick deposits of basaltic fire- 
fountain debris are overlain or interbedded with typical lithic beds resulting from 
cataclysmic explosions. Some beds are pisolitic, others are ashy shales deposited in 
local shallow pools of water such as collect on the irregular ash-covered floor of a 
caldera. A few of these beds contain carbonaceous plant remains. Some beds 
consist entirely of extremely cellular glassy basaltic pumice fragments } to 2 inches 
across like that which drifts to the leeward of very gaseous firefountains. They have 
been leached to pale yellows. Other beds contain basaltic pumice and dense frag- 
ments of trachyte indicating that the trachyte eruptions were followed by basaltic 
eruptions. One vertical fault, striking N. 70° E. with a 6-inch downthrow on the 
north side and bordered by 4 inches of gouge, cuts the tuff series, indicating faulting 
which continued to the close of the epoch of ash deposition. 

The beds are essentially horizontal at the type locality, but a few hundred yards 
to the west they have depositional dips reaching 32°. Where they have steep dips 
the beds interfinger and merge with talus breccia indicating that they accumulated 
concurrently with the talus at the foot of the caldera wall. The whole deposit re- 
sembles those now accumulating on the floor of Kilauea Caldera, Hawaii, where fire- 
fountains alternate with violent explosions and where heavy rains wash the ash into 
depressions and cracks. 

Elsewhere the Pago tuffs are not so thick because the type locality was a deep depres- 
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sion into which prevailing winds and floods carried much debris. Also, the area was 
seldom overrun by lavas even though it lay close to numerous vents. Such a para- 
doxical situation exists today in parts of the floor of Kilauea Caldera. 

The Pago tuffs are well exposed on the south shore at Motusaga Point near Nuuuli. 
They are 75 feet thick, dip 15° SE.,and are overlain with massive aphanitic aa basalt. 
The upper 10 feet is thin-bedded lapilli and silty layers; the lower part is explosion 
breccia with blocks reaching 3 feet across in a fine-grained ash matrix. White frag- 
ments of biotite trachyte are conspicuous. Whether they came from Matafao could 
not be established by petrographic study (Macdonald, 1944). The bed contains 
intercalated basalt in the next promontory to the northeast. 

The top of the Pago tuffs is fairly level on the east side of the caldera. It rises 
from an altitude of 900 feet at the base of South Pioa Peak to about 1000 feet at the 
head of Pago Pago Valley, a grade of about 25 feet to the mile. At the base of Tau- 
mata Peak 2 miles southeast of the valley, the top of the tuffs is about 1080 feet above 
sealevel. At this place the tuff is 150+ feet thick and is cut by several faults causing 
small displacements. A thick bed of explosion breccia, probably correlative with the 
Pago tuff, crops out between lavas in Fagaalu Valley (Pl. 1). It strikes N. 5° W., 
dips 25° E., and its top is 725 feet above sea level. Apparently this same bed crops 
out behind Utulei at an altitude of about 250 feet and is continuous with the bed at 
Motusaga Point. If this long-range correlation is correct, the caldera floor slopes 
southeastward about 250 feet to the mile. This slope is consistent with the structure 
of the intra-caldera lavas which apparently overflowed a low place in the rim on the 
southeast side of the caldera. The fact that the lavas could flow more readily south- 
eastward left the north and west sides of the caldera floor free from flows where tuff 
could accumulate. 

Unconformity between the intra- and extra-caldera volcanics—The unconformity 
between the Pago tuffs and the pre-caldera lavas is well exposed in a small stream 
channel at the head of Pago Pago Valley where the caldera rim is shown with an 
unbroken line on Plate 1. Thin-bedded primitive olivine basalts striking N. 25° E. 
and dipping 15° NW. are overlain unconformably by beds of talus breccia and Pago 
tuffs (Fig. 6). Two 1-foot dikes cut the primitive basalt but not the tufis. The 
unconformity strikes N. 10° E. and dips 35° SE. It is the fault-scarp wall of the 
Pago caldera, but lack of disturbance in the tuffs indicates that faulting preceded dep- 
osition of the tuffs. The small stream at the site has exposed the unconformity. The 
stream’s channel, which is a series of cascades between altitudes of 750 and 550 feet, 
is the exhumed caldera wall. 

Another unconformity lies on the north side of Taumata Peak in the northwest 
end of the caldera. The columnar-jointed massive ponded aa forming the peak rests 
at an altitude of 1030 feet on talus breccias, thin-bedded lithic tuffs, and basaltic 
pumice and cinder beds making up the Pago tuff member which is about 400 feet 
thick. The intra-caldera lava on the northeast side of Taumata Peak is underlain 
by 3 feet of clinker that rests on 1} feet of red baked vitric tuff. This tuff overlies 
20 feet of thin-bedded lithic tuff and 30+ feet of breccia striking N. 50° E. and dip- 
ping 25° NW. About 100 feet to the north is 100 feet of tuff and breccia striking 
N. 70° W. and dipping 10° SW. Some of the beds are chiefly trachytic pumice. 
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Others, aggregating 10 feet, are silty, laminated, and rich in fossil plants. The strike 
of the tuff changes abruptly northward to N. 60° E., and the dip to 10° SE. Sug 
rapid changes in strike and dip are probably due to the Pago tuffs mantling a spy 
of the caldera wall. 
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FicurE 6.—Unconformity at the head of Pago Pago Valley, Tutuila, indicating a caldera well 


At an altitude of 920 feet on the northeast side of Taumata Peak a vesicular lava 
flow 15 feet thick fills a gully cut in cinder beds but separated from them by a lens 20 
feet thick of coarse subangular hillwash and slightly weathered bombs. The gully 
runs N. 20° W. and slopes 45° NE. The thick cinder beds under Taumata Peak 
indicate that lava rose repeatedly along the caldera fracture building cinder cones and 
at times cascading down the wall of the caldera. The hillwash indicates a short 
erosion period. 

The tuffs of the Pago volcanic series east of Taumata Peak are underlain and over- 
lain by massive ponded lavas. The trail from Fagasa to Maupasaga passes through 
a saddle on the north side of Taumata. Thin-bedded primitive lavas dipping north- 
eastward crop out along this trail from Fagasa to the saddle. Very coarse talus 
breccias crop out along the trail from the saddle to Mormon Valley on the south side 
of Taumata Peak. The unconformity is exposed in the east branch of the main 
tributary to Mormon Valley just west of the trail. The exhumed caldera wall con- 
sists of thin-bedded pre-caldera basalts cut by many closely spaced vertical dikes 
striking S. 80° W. The wall strikes N. 60° E. and dips 50° SE. It is overlain un- 
conformably by 50+ feet of poorly bedded talus and explosion breccia. 

A dike complex crops out in the valley on the northeast side of Tau Peak to an 
altitude of 250 feet (barometer). Above this point massive lavas crop out, and the 
dike complex abruptly disappears. This apparently indicates an unconformity or 
caldera wall between the caldera-filling lavas and the dike complex. 

The rocks in Tau Peak are thin-bedded clinkery lavas with interstratified vitric 
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tufis that appear to be extra-caldera lavas. It is inferred that a secondary caldera 
fault lies on the north side of Tau Peak and that the main caldera fault passes through 
Mormon Valley because of the extraordinarily large size of the valley (Pl. 1), leaving 
the Tau Peak block as a lunate platform as shown in Plate 4. 

The lavas in the north wall of Pago Pago Bay between Aua and the head of Pago 
Pago Valley differ so strikingly from the lavas across the bay that the fault bounding 
the caldera must lie approximately as shown on Plate 1. A small spur of dense rock, 
possibly a remnant of caldera lava, crops out in the road just west of Aua. The lavas 
and tuffs between Aua and Breaker Point are so similar to the intra-caldera lavas 
across the bay that the caldera fault is inferred to pass under Pioa and out to sea 
through the valley east of Laulii. Probably sufficient outcrops exist in this area for 
detailed field work to establish the position of the fault. However, the caldera rim 
seems to have decreased in height rapidly southward from Aua; hence, the rim may be 
buried by lavas in this area. The rocks between Pioa and Pala Pala Peak may give a 
cue to this problem, but the area was not examined. The dips of the lavas southeast 
of Pala Pala are definitely away from the caldera. 

The section on the east side of Breaker Point is as follows: 


Thi 
Top 
Beds dip 20° SW. 
Massive lithic tuff containing trachyte fragments and faint laminations especially 


Lenses of conglomerate, some with water-worn boulders, others with hillwash, con- 

Shaly dense aphanitic aa with a few columnar joints, its top plainly stream-eroded. . . 9 
Dense aphanitic aa extending below sea level... 4 


The section clearly indicates erosion between the late intra-caldera lava flows. 
A coarse boulder conglomerate 40 feet thick crops out also between lavas at an alti- 
tude of 120 feet in the west bank of Nuuuli Stream at the village reservoir. 


PAGO CALDERA 


Evidence given shows that a great angular unconformity separates the lavas in the 
area between Tau Peak and Pago Pago Valley from those in the rest of the island. 
The unconformity is believed to indicate the wall of a caldera 3 miles wide and 6 miles 
long (Pl. 1; insert A, Pl. 1). All evidence points to the caldera forming by collapse 
following the building of a cone of primitive basalt. 

A tunnel at the bottom of the Navy well half a mile southwest of Pago Pago Village 
cuts a major fault, apparently associated with the caldera wall. The amount of dis- 
placement is not measurable. The fault strikes N. 50° E. and dips 60° NW. It is 
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bordered by 22 feet of friction breccia containing faceted blocks up to 2 feet across, 
The attrition has been so great that many of the smaller fragments have been groun{ 
to smooth balls resembling water-worn pebbles. Fifty feet east a crosscut penetrates 
a fault striking due north and dipping 80° E. It is bordered by 4 inches of gouge and 
a splinter zone 1 foot wide. 

The lavas inside and outside the caldera differ, indicating that the collapse exceeds 
1600 feet. The original mountain, based on the projection of the dips in the extn. 
caldera lavas, would have risen about 4000 feet above present sea level if the cone 
had the same slope to its apex. Thus, the amount of collapse of the summit may 
have amounted to 4000 feet. The southern rim of the caldera was evidently much 
lower than the northern rim. The caldera may have been horseshoe-shaped with no 
rim on the south. By analogy with other similar basaltic volcanoes the collaps 
probably proceeded with the growth of the upper part of the cone, the caldera widen- 
ing and deepening progressively even though lavas were erupted simultaneously on 
the floor. Subsidence finally stopped as the volcano approached old age and the 
lavas began to differentiate. Filling gained on subsidence, and at the cessation of 
activity the caldera was filled to the brim in the northwestern sector, overtopped and 
buried by perhaps as much as 500 feet of lava in the southern and southeastern sectors, 
but lacked about 600 feet of being filled in the northeastern sector (Pl. 4). If the 
Leone volcanics are included, the Pago Volcano passed through the four phases of 
volcanism observed in Hawaii (Stearns, 1940, p. 1947): (1) youthful stage with the 
eruption of the primitive olivine basalts; (2) mature stage with collapse forming a 
caldera on the summit; (3) old-age stage with differentiation of the lavas and partial 
filling of the caldera; and (4) rejuvenation stage with eruption of basalts following a 
great erosion period. 


TRACHYTE PLUGS 


General statement.—The trachyte plugs in Tutuila are the feeding plugs of bulbous 
domes. Some plugs, such as Vatia and Pioa, are so little eroded that their upper 
parts are the relics of bulbous domes; hence, they are transitional between domes and 
plugs. Others have lost their bulbous domes by erosion and are true plugs. 

Pioa plug.—Pioa, “the rain-maker,” is a quartz trachyte mass 1000 feet wide, 2400 
feet long, and 1717 feet high (Pl. 3, fig. 2). Daly has described it as a monolithic 
rhyolite with quartz-poor and perhaps quartz-free phases in contact with basaltic 
flows on the north corner, but elsewhere with tuffs and breccias composed almost 
entirely of basaltic fragments but containing a few blocks of trachyte or rhyolite. 
He regarded the Pioa plug as an endogenous dome pushed through a funnel 1} miles 
in diameter filled with explosion breccia. This is an excellent description of the mass 
except that the diameter of the funnel is less than half a mile across and the breccia 
is almost entirely pre-funnel in age. 

On the ridge at the base of South Pioa Peak a magnificent outcrop reveals the 
history of the trachyte. It lies at an altitude of 900 feet by barometer, or 700 feet 
below the top of South Pioa Peak. One may walk about 1500 feet at this level alonga 
ledge of thin-bedded sandy tuff in the middle of a high precipice, thereby reaching the 
Pioa-Papatele saddle and Papatele. The section is shown in Figure 7. The trachyte 
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evidently rose to a point nearly 900 feet above sea level where it frothed violently 
producing red, white, and black biotite-rich pumice and cinders about the vent, at the 
same time blasting out a few blocks of older basaltic tuff, breccia, and lava. After a 
umice cone indented with a crater had been made, the pasty lava squeezed up and 
partly filled it (P1.4). Columnar jointing developed at right angles to the base of the 
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Ficure 7.—Geologic section of Pioa Peak, Tutuila 


Showing uncomformity between the Pioa explosion debris and the Pago intra-caldera volcanics 


cooling lava. Whether or not the trachyte rose exactly along the caldera fault 
(Fig. 8, B) is not known, but this condition is not essential to the history as inter- 
preted. The Vatia eruption and most of the other trachytic eruptions on Tutuila 
were, in the writer’s opinion, similar to the Pioa eruption. They represent a com- 
mon type in the volcanic regions of the world. 

If the interpretation of the exposure is correct, the pumice cone of Pioa has been 
eroded away, but little of the crater-fill has been removed. The pumice cone was 
built on the compact, slightly weathered tuff which covered the floor of the Pago 
caldera near the foot of its eastern wall; hence, the Pioa eruption was a late event in 
the history of the Pago Volcano (Pl. 4). Pumice from this cone would have drifted 
northwestward with the prevailing wind to ferm an appreciable part of the thick 
tuff series at the head of Pago Valley. Some pumice may have washed there later 
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from the slopes of the Pioa cone before the caldera was tapped by the ancestral Pago } diame 
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Ficure 8.—Stages in the formation of Pioa Peak, Tutuila of aa 
Pago volcanic series and associated trachyte plug struct 
176 
Papatele plug.—The Papatele plug of trachyte is about 1000 feet long, 5 feet wide “a 
at the top, and 200 feet wide at the bottom. It forms a sharp windswept peak 1065 diago: 
feet high with precipitous walls except on the northern end where it can be perilously of thi 
ascended by clinging to roots and heavy moss. The rock is vertically jointed cream- of th 
colored aphanitic trachyte. Daly noted that it was surrounded by tuff except on the Ad 
southern side where he states it is in contact with basalt. Nearly horizontal basaltic baie 
lithic tuff is exposed about 200 feet north of the plug, which means that Papatele and 7 
Pioa trachytes are separated at the surface. Therefore, Papatele may be a dike Baer 
feeder of a trachyte eruption independent of Pioa. iat 
Matafao plug.—The Matafao plug, composed of trachyte, is about half a mile in sibly. 
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diameter and 2141 feet high. Its contact with the adjacent country rock is well 
exposed in Fagaalu Valley. There the plug is bordered by 10 to 25 feet of brecciated 
trachyte which grades into a band of friction breccia 50 to 150 feet wide composed of 
trachytic and basaltic fragments. The fragments range in size from slices of olivine- 
ich basalt 30 feet long, resembling dikes, to rock flour. Some of the trachytic frag- 
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Ficure 9.—Shear zone at border of Matafao plug at Fafiga Peak, Tutuila 


ments are glassy and rich in biotite, apparently produced by autobrecciation of the 
magma and quick chilling. The breccia grades progressively outward from the plug 
into shattered basalt and then into undisturbed lava flows. Between the lavas isa bed 
of coarse explosion breccia which carries trachytic fragments and which is unrelated 
to the Matafao eruption. It is a part of the tuff member of the Pago volcanic series 
and is easily confused in poor exposures with the adjacent friction breccia. 

The structure at the border of the plug is well exposed on the north side of Fafiga 
Peak, a sheer precipice 250 feet high (Fig. 9). The upturned beds, standing at a 
§5-degree angle, may be seen on a clear day from as far away as the ridge behind 
Utulei. The ridge trail to Fafiga stops at a tableland, at an altitude of 1100 feet, 
inwhich gray dense massive fine-grained lavas are exposed dipping seaward about 13°. 
West of this point is alow saddle with no exposures, indicated in Figure 9 as the location 
ofan inferred fault. In the next 1000 feet is a magnificent exposure of porphyritic 
dlivine basalts cut by faults striking N. 40° E. and dipping 40° SE. The beds show 
drag dips of 55° and except for strong segments here and there are crushed to a breccia 
of aa clinker and broken pahoehoe with a rock flour matrix. A similar but smaller 
structure was noted next to a trachyte plug on Maui (Stearns and Macdonald, 1942, 
p. 176). The cemented gouge with faint slickensides along one fault, being stronger 
than the underlying rocks, forms the roof of a sloping cave. The roof is steeply 
diagonal and so smooth it looks man-made. The faulted and brecciated character 
of this rock illustrates vividly the tremendous force exerted during the emplacement 
of the Matafao plug. 

Additional light is shed on the mechanism of the intrusion by the porphyritic olivine 
basalt forming the breccia. This rock is nowhere exposed along the trail up the ridge 
from sea level. It appears to belong to the primitive basalts deep in the caldera 
floor. If so, it has been dragged up hundreds of feet by the trachyte plug. Frag- 
ments of similar basalt were also noted in the friction breccia in Fagaalu Valley. Pos- 
sibly the nonporphyritic lavas are later than Matafao and its associated upturned 
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beds and have flowed around them. The lavas have interbedded with them explosion 
tufis and breccia of the Pago volcanic series, chiefly basaltic, but containing trachyte 
fragments. 

The Matafao plug is cut by parallel joints which give it a laminated structure, wel] 
exposed in the Pago Reservoir wall. There the joints strike N. 80° E. and dip 20°N, 
At the head of the reservoir a fault plane cuts the trachyte N. 35° E. and dips 55° 
NW.; along it is a 3-foot shatter zone. The northwest side is downthrown 2 feet, 
A spring discharging 500 gallons per minute with a temperature of 72.8° F. issues 
from the fault fissure. The water is not thermal. 

Lefulufulua plug.—A dense plug of fine-grained, blue-gray trachyte forms a promi- 
nent hill half a mile west of Alao in the Olomoana volcanics. It is locally called 
Mauga Lefulufulua (the mountain without any feathers). It has a nearly bald, gray 
summit, in sharp contrast to the surrounding basalt covered with dense forest. The 
hill has an altitude of 440 feet by barometer. The plug is about 300 feet wide and 
700 feet long. Streams have cut narrow canyons on all but the west side. A large 
cave developed along the joint planes lies on the south side. The planes fall into two 
systems: One strikes N. 70° W. and dips 65° S., and the other strikes N. 25° W. andis 
vertical. The streams on the north and south sides of the plug expose a band more 
than 50 feet wide of friction breccia made up largely of fragments of basalt. The 
breccia indicates that the trachyte was forced upward in a nearly solid condition. 
It probably reached a surface about 500 feet higher than the present and formed a 
bulbous dome. 

Leila plug.—A prominent, nearly bare hill of dense-gray columnar-jointed biotite 
trachyte forms Leila Hill, altitude 600 feet, 1 mile northeast of Alofau. The columns 
dip northeastward. The outcrop of trachyte is about 100 feet high and 200 feet 
across. The adjacent outcrops are steeply dipping cinders, apparently basaltic, 
which in a gully on the west slope, at an altitude of 100 feet, are cut by a 4-foot ba- 
saltic dike striking due north. The cinders appear to be unrelated to the trachyte, 
which apparently is an eroded bulbous dome. 

Tau plug and adjacent unnamed plug.—A light-gray trachyte plug about 600 feet 
across forms Tau Peak, altitude 1266 feet. It cuts through thin-bedded basalts. 
A quarter of a mile to the north is a smaller trachyte plug. 

Vatia plug.—The Vatia plug and the massive rock forming the Cockscomb (Pola 
Island) have been described by Daly. He was not sure whether the Cockscomb wasa 
dike or flow. The main mass opposite Pola Island is 700 feet high. It is separated 
from the trachyte to the southeast by well-exposed beds of white pumice about 400 
feet thick dipping northeast under the main mass at angles of 25° to 32°. The pumice 
indicates that the main mass is a bulbous dome that formerly partly or completely 
filled a deep crater in a trachytic pumice cone about half a mile in diameter and 
probably 1000 feet high. 

The trachyte exposed to the southeast as far as Siuono Peak was not visited but 
may be either a dike associated with the Vatia cone or a separate plug. Two faults 
and possibly a third cut the basalt northeast of the peak. One shows a downthrow 
to the west, probably related to the rise of the stiff trachyte. 

A 30-foot dike of light-gray aphanitic trachyte crops out at the coast 1000 feet 
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northwest of Siuono Peak. The dike strikes N. 10° W. and is bordered by 1 to 2 feet 
of basaltic rubble and a vertical fault 3 feet from the west side. 

The eruption of the trachyte of the Vatia plug is visualized as having blasted a 
crater about 1000 feet deep and nearly half a mile wide on a fissure in a basaltic ter- 
rane about 1000 feet above the present surface prior to the erosion of Vatia Valley. 
A cone was built of pumice probably 1000 feet or more high into which rose stiff 
trachyte partly filling the crater. Simultaneously, trachyte pushed up along the 
fissure for 2 miles, or from Siuono Peak to the end of Pola Island. Possibly other 
vents formed along the same fissure. Since then erosion has removed most of the 
pumice and all the basalt surrounding the north end of the dike, thereby forming 
Pola Island. 

Afono plug.—The Afono plug of trachyte forms a mass 1000 feet wide, 2200 feet 
long, and 700 feet high on the southeast shore of Afono Bay. There, a high sea cliff 
exposes gray trachyte with its well-developed joint system. A dike of trachyte more 
than 50 feet wide extends S. 60° W. from it. The southeast side of the dike is buried 
by talus, but the northwest side is bordered by about 25 parallel basaltic dikes of the 
Masefau dike complex ranging from 8 inches to 3 feet in width. A small remnant of 
a trachyte flow lies adjacent to the south side of the dike. The main mass appears to 
fill the lower part of a funnel-shaped crater blasted in basalts of the Pago volcanic 
series, because on its west side undisturbed basalts rest unconformably on the talus 
breccia and Masefau dike complex. Because of these relations, it is correlated with 
the other trachytes in the Pago Volcano rather than with the earlier Masefau dike 
complex. 


TAPUTAPU VOLCANICS 


The Taputapu volcanics comprise the lava flows, dikes, cones, and tuff deposits 
making up a volcanic dome 6 miles long, 3 miles wide, and 1500 feet high (PI. 1), and 
here referred to as the Taputapu Volcano. It forms the western end of the island 
and is named after Cape Taputapu where the rocks are well exposed. Most of the 
flows are olivine basalts 6 to 50 feet thick. They contain much clinker and have 
thin flow units. They are capped in places with thicker flows of porphyritic and 
nonporphyritic olivine-poor basalt and andesite. They dip away from the crest at 
angles of 5° to 10°. They were extruded from a rift system trending about N. 75° E. 
Beds of red vitric tuff a few inches to several feet thick and thick lenses of cinder are 
common between the flows, indicating that cinder cones studded the rift zone. Many 
of the cones have been eroded away. 

Oloava, just west of Olotele, is a well-preserved cinder cone with a crater in its sum- 
mit. Three other craters 100 to 200 feet deep indent the ridge running south from 
Qloava. They are not shown by the contours in Plate 1. Two feet of laminated 
lithic tuff striking N. 70° E. and dipping 12° N. overlies coarse cinder where the trail 
from Malaeloa to Aasu crosses between two of the craters. The tuff may have come 
from the Steps Point craters. The Oloava cones and craters are so little eroded 
that possibly they are later than Taputapu Volcano, but if so, they are much older 
than the Leone volcanics. 

Taputapu Islet, off the western end of Tutuila, is another of the cones. It has 
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withstood marine planation because of dense lava at tide level. Dike feeders of other 
cones are exposed near by. Remnants of seven crater fills and cinder cones are ex. 
posed in the cliffs along the north coast and about the same number on the south 
coast. A pit crater filled with breccia and the partly buried sector of a cinder cone 
with later lavas banked against it are exposed at Greyhound Point (Fig. 10). A few 
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FicurE 10.—Section of pit crater and partly buried cinder cone near Greyhound Point, Tutuila 


beds of hillwash, none more than 10 feet thick, are intercalated with the lava, but 
no lithic tuffs were found. The beds crop out near Greyhound Point and indicatea 
steep slope, possibly a cinder cone or cliff not far away. 

Several log molds are in the basalt overlying a thin vitric tuff bed in the promon- 
tory west of Agugula indicating that vegetation grew on the volcano during its active 
phase. 

The Taputapu Volcano is separated from the Pago Volcano on the basis of dips of 
lava beds exposed in the streams flowing into Massacre Bay. No unconformity was 
found between the lavas of the two volcanoes, but from the geomorphology it ap- 
pears that the lavas of Taputapu Volcano overlap those of the Pago Volcano and 
hence are younger. The relatively small amount of dissection of Taputapu Volcano 
as compared with the Pago Volcano supports the hypothesis that it is younger. 


LEONE VOLCANICS 


The Leone volcanics consist of three tuff cones at Steps Point—Fagamaa, Fagatele 
(Pl. 6, fig. 2), and Vailoatai; the stony ash cone at Futiga; two cinder cones near 
Maupasaga; and the pahoehoe olivine basalt forming the plain between Nuuuli 
Lagoon and Leone. The top of the pahoehoe at Leone Point lies about 6 feet above 
sea level. A collapsed lava tube in its surface is bordered by delicate forms of spat- 
ter. Fine-grained tuff is packed into the cavities in the spatter showing that the 
tuff fell after the lava crust had solidified and collapsed. On the lava lie several 
layers, a quarter to half an inch thick, of typical fragile ribbon-type firefountain 
debris. Above them lies 1 to 2 feet of sandy laminated vitric-lithic tuff, typical ex- 
plosion debris some distance from its source. Coarse indurated explosion breccia 1 
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to 2 feet thick rests on the sandy tuff. Above the breccia is 6 feet of thin-bedded, 
yell-sorted, vitric-lithic sandy tuff a mile or more from its source. The breccia bed 
is 8 feet thick 1000 feet southeastward. The large ejecta make bomb sags in the 
underlying sandy tuff, indicating that the tuff was unconsolidated when the blocks 
in the breccia were deposited. The ejecta are dominantly magmatic, and some con- 
tain olivine segregations. The breccia bed thins rapidly southeastward from this 
place. A hill about 75 feet high with a depression in its summit lies just inshore. 
It is a local explosion vent named Vailoatai from the village on its west side. Prob- 
ably the cone was caused by the lava flow exploding in contact with sea water, as the 
deposit closely resembles that formed where the lava flow of 1906 on Savaii entered 
the sea. 

The thin-bedded tuff above the breccia was not made at Vailoatai cone, as it 
thickens eastward to Steps Point. At the blowhole about 1} miles southeast of 
leone Point, 20 feet of horizontal thin-bedded tuff is exposed. It is overlain by a 
lava flow 3 feet thick and 25 feet wide with a loose blocky surface. The blocks were 
apparently slightly weathered prior to burial. On this lava and lower tuff is 20 feet 
of thin-bedded tuff which fills stream channels cut after the lower tuff consolidated 
(Pl. 6, fig. 3). The lower tuff is probably from Fagatele Crater, and the upper from 
Fagamaa Crater. The relation could be determined by a boat traverse of the coast, 
but the day the writer made the trip the ocean was too rough to go close to shore. 
The unconformity delineates pinnacles in the lower tuff near the blowhole that 
resemble the present pinnacles cut in the tuff by wave erosion. One gains the im- 
pression that a topography similar to the present one had been developed in the 
lower tuff prior to the eruption of the upper tuff. 

The tuffs are not separable in the jungle-covered plain and are mapped together on 
Plate 1. They thin out rapidly eastward, but small patches were found in depres- 
sions in the pahoehoe as far away as Pavaiai. The tuff is 4 to 8 feet thick at Leone. 
Deposits 2 to 3 feet thick lie 6 miles northwest of the vents along the shore of the 
bays as far as Amanave indicating that strong trade winds blew during the eruptions. 

A cone about half a mile in diameter and about 200 feet high composed of poorly 
bedded, friable, lithic-vitric ash and breccia lies north of Futiga. It is indented with 
alarge crater about 200 feet deep and 800 feet across and three smaller ones aligned 
ilong a fissure. The deposit in a quarry on the southeast slope consists of irregular 
spiny stony masses of essential olivine basalt ranging in size from small pellets to 
imegular chunks 2 feet across and angular blocks of ancient accessory basalt up to 7 
feet across in a black volcanic sand and lapilli matrix. The upper 2 feet is typical 
agglutinated cindery spatter. Four feet of laminated sandy pisolitic brown lithic- 
vitric tuff striking N. 20° E. and dipping 6° SE. overlies the spatter. The Futiga 
cone was evidently a short-lived magmatic explosion that blasted Taputapu lavas 
from the basement. The spatter indicates that the explosions died down to a fire- 
fountain. Later, ash fell from the craters at Steps Point. Similar tuff lies in the 
floor of the crater also. 

Two cinder cones lie east of Maupasaga, the larger one forming Olotele Peak, alti- 
tude 1600 feet. A voluminous lava flow issued from these cones and filled the valley 
above Maupasaga to a depth of about 500 feet. It flowed eastward into the ocean 
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also, filling it as far as the present site of Tafuna 3 miles away. The soundings indi. 
cate that the lava piled on a submerged reef 30 to 40 fathoms below the ocean surface, 
Thus the lava is 200 to 300 feet thick at its outer edge. Some lava probably spilled 
over the outer edge of the reef. 

Fagamaa consists of one crater nested within another, the rims being cut into by 
the sea, forming Fagamaa Bay. Fifty feet of pahoehoe overlain with 10 feet of 
even-bedded vitric-lithic tuff forms the outer crater rim in the west side of the bay, 
The lava must be much thicker as it extends downward into deep water. This lava 
flowed eastward under the present site of Vaitogi, and the soundings indicate that the 
lava spilled into deep water beyond the reef thereby extending the former 40-fathom 
shelf about a mile. 

The lava exposed along the coast from Leone Point to Leone is a picritic basalt 
similar to that at Fagamaa and Tafuna. It came chiefly from Futiga cone and is 
overlain with 5 to 20 feet of tuff. 

Apparently. a crack about 4 miles long, trending S. 16° E., opened from Olotele 
Peak across the present fringing reef and the submerged 40-fathom shelf in Recent 
time. The eruption began with typical firefountains that formed a cinder cone at the 
upper end of the crack, but where the crack intersected the shore the gas-charged 
lava encountered sea water and exploded to form Futiga cone. However, waterwas 
insufficient to keep up the explosions, and after the first few blasts the firefountains 
were re-established. Farther south where the hot gas-charged lava rose under 40 
fathoms of water it exploded violently. The ocean water repeated.y entered the 
vent, and blast after blast occurred, some bringing up fragments of the drowned reef 
(Daly, 1924, p. 112), all with sufficient intensity to comminute the lava and hurl ita 
mile or more into the air. Strong trade winds blowing at the time carried it north- 
westward across the island. 

Fagatele Crater may be older than this fissure eruption because of the unconforni- 
ties between the tuffs of Fagamaa and Fagatele along the coast. The sequence of 
the fissure eruption which began as a normal firefountain on the land and became 
catastrophically explosive in the sea shows clearly the causative relation of water to 
lithic basaltic tuffs (Stearns and Vaksvik, 1935, p. 16). 


CHANGES OF LEVEL 


The writer agrees with Mayor and others that Tutuila is surrounded witha 
drowned barrier reef, and with Chamberlin that a submergence of at least 400 feet 
has occurred. Also, he agrees with Mayor and Daly that there has been a higher 
stand of the sea than the present. The fringing platforms 6 to 12 feet above tide, 
however, were cut above sea level and nut below sea level; hence, they indicate an 
emergence of about 5 feet rather than 20 feet (Stearns, 1941, p. 773-780). Emerged 
flats at valley mouths, abandoned stacks, and sea cliffs everywhere testify to the 
5-foot emergence. A remnant of coral reef 8 feet across projects 5 feet above low 
tide from the present fringing reef on the east side of Vatia Bay. Another rises 
above the reef in Massacre Bay. The 5-foot shore line is eustatic, and the emer- 
gence was fairly rapid the world over. Its beach deposits merge with those of the 
present sea. 
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Daly (1924, p. 125) described certain abandoned sea caves as evidence of an emer- 
gence of 20 feet. The roof of one on the west side of Massacre Valley is 50 feet 
above sea level and appears to have been cut by a sea about 25 feet higher than the 
present. Another large cave is on the west side of Afono Bay. The writer estimates 
an emergence of 25 rather than 20 feet. No marine deposits were found correlative 
with this strand. The absence of deep soils on the lower slopes of Tutuila may be 
evidence of former submergence, but no alluvial deposits were found graded to 
higher stands of the sea. The absence of alluvium is not surprising in view of the 
narrowness of the valleys near the coast and the great floods which easily would have 
destroyed narrow alluvial terraces. 

Sufficient soundings have not been made beyond the 100-fathom line to establish 
the base of the extensive submarine platform which is more than twice the area of 
the island. From a study of profiles of ridges and by analogy with Oahu, Hawaii, 
where a similar wide platform exists and where drilling records are available, one 
may surmise that the original shore line of Tutuila is more than 1000 feet below sea 
level and perhaps as much as 2000 feet. The writer believes that the platform has 
had a long and complicated history, probably being alternately built up and planed 
down during the fluctuating seas of the Pleistocene. He agrees with Chamberlin 
(1924, p. 170) that the platform at the base of the drowned reef is too far below sea 
level to have been beveled by low, glacio-eustatic stands of the sea in the Pleistocene. 
The writer interprets the soundings on Plate 1 to indicate: 

(1) A broad platform, partly depositional and partly wave-cut, built during a 
fairly long erosional interval when the major valleys were carved after the cessation 
of volcanism—probably in early Pleistocene. 

(2) Submergence of at least 400 feet and perhaps as much as 2000 feet with growth 
of coral reefs whenever submergence was not too rapid. The valleys were drowned 
to form bays. 

(3) Growth of a barrier reef about 200 feet thick from a platform, composed per- 
haps of older reef, not less than 400 feet below present sea level. ‘This interpretation 
is based on soundings of 67 fathoms (402 feet) in depressions shoreward of Taema 
Bank and a depth of 32 fathoms (192 feet) of water over the drowned barrier. The 
drowned barrier reef may have been beveled one or more times to about 32 fathoms 
during the several glacial periods of low ocean level and have grown higher during 
interglacial epochs. During the low stands of the sea the rivers cut narrow channels 
through the reefs. Pago Pago Stream channel is still traceable across the drowned 
shelf except at Taema Bank where apparently later coral growth has blocked it. 

(4) A rapid submergence in late Pleistocene time drowning the barrier reef, but 
not too rapid for some parts of it to grow to within 50 feet of present sea level. Con- 
cordant levels of the drowned barrier in some places indicate possible still stands in 
late Pleistocene time at 72 feet and 120 feet below present sea level. 

(5) Rise of sea level to about 25 feet above present sea level in very late Pleistocene 
time. 

(6) Recession of the sea to 5 feet above present level and the cutting of cliffs and 
platforms, and the growth of fringing reefs on favorable shores. 

(7) Recession of sea to present level with the waves planing down the fringing 
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reefs as it receded but leaving inland unconsolidated beach deposits, sea cliffs, stacks, 
and caves. 


GEOMORPHOLOGY 


Tutuila with its rugged terrane and deeply embayed coast line is eloquent of a long 
history of stream erosion followed by submergence (Pl. 1). The extensive nearly 
flat plain between Nuuuli and Leone is built of Recent lava and tuff laid down on the 
submerged barrier reef. Actually Tutuila is far more rugged than the contours on 
Plate 1 indicate as they are much generalized. The river valleys are mostly deep, 
dark, and amphitheater-headed as in other tropical basaltic islands. The annual 
rainfall at Pago Naval Station ranges from 130 to 275 inches. Monthly rainfalls 
range from 0.1 inch to 65 inches. Rainfalls of 30 inches during a single storm are 
recorded occasionally. Probably as much as 400 inches of rain falls on the high peaks 
in wet years. Streams are flashy, but erosion is rapid during floods. Landslides 
occur by the hundreds during hurricanes. The faces of the high peaks are covered 
with scars. Even light winds on rainy days blow down large trees which sometimes 
start landslides. The effectiveness of this process for loading rivers with debris is 
greatly undervaluated in tropical countries because the scars are quickly overgrown 
and the evidence obliterated. The river valleys in August 1941 were still choked with 
debris from the hurricane of 1940. 

A systematic geomorphic description of the island from east to west including 
Aunuu Island follows: 

Aunuu Island is a Recent tuff cone built on top of the drowned barrier reef. The 
prevailing southeast trade-wind waves sweeping around the island have built on its 
western side a broad flat of coral sand a few feet above tide. 

Cape Matatula is a dense columnar-jointed basaltic neck etched by wave erosion 
from the weak cinder beds that formerly surrounded it. Many of the islets and 
promontories are similar dense crater fills and necks. 

All drainage radiates from Olomoana, the highest peak of the Olomoana Volcano. 
The narrow neck of land between Aoa and Amouli results from the narrowing of the 
saddle between Olomoana and Alofau volcanoes by the drowning of two large canyons. 
The canyons are especially large because each carried the drainage from the slopes 
. of two volcanoes instead of one. Fagaitua Bay, the second largest bay, owes its 
: unusual size to the drowning of the eroded caldera of Alofau Volcano (Pl. 1). From 
Fagaitua westward nearly to Pala Pala Peak all major streams flow easterly as deter- 
mined by the eastern flow slope of the Pago Volcano. The large Masefau Bay and 
tributary valley are due to the concentration of drainage between two chains cf cones 
on the northeast rift zone of the Pago Volcano, perhaps augmented by rift-zone faults. 
The stream entering Afono Bay trends crosswise of a normal volcano slope. Its 
position was probably determined by the bulky Pioa and Afono trachytic pumice 
cones. The streams south of Pioa are consequent streams. © 

Pago Pago Valley, which nearly bisects the island, was eroded chiefly in weak 
tuffs along the foot of the Pago caldera wall before drowning formed Pago Pago Bay. 
The ancestral stream that cut the valley was diverted from the wall near the present 
site of Aua by Pioa cone. This cone also caused the Aua tributary to cut a deep 
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amphitheater in the caldera wall on the northwestern side of the cone. Thus Pago 
Pago Bay is a drowned valley, which owes its unusual size to its large drainage area, 
the weak rocks in its floor, and high caldera wall on its north side. 

The streams on the north slope opposite Pago Pago Bay are consequent streams 
on the outer slope of the Pago Volcano except for the one entering Vatia Bay. The 
high Vatia trachytic cone diverted an abnormally large amount of drainage into Vatia 
Stream making it cut faster and deeper than the adjacent streams. 

The small streams near Point Nelson enter the sea in hanging valleys because the 
waves cut away the coast faster than the streams can cut down. Marine erosion is 
rapid because the shore is reefless and is composed of thin-bedded weak lavas and 
vitric tuffs. Also, the drainage area of each stream is small. 

Fagasa Bay is a drowned valley larger than its neighbors because its tributaries 
worked northeastward and southwestward along the weak junction of the pre-caldera | 
and caldera-filling lavas and captured an abnormally large amount of drainage. 
Fagaalu Valley, the next largest south of Pago Pago Valley, is the product of erosion 
by a large spring-fed stream along a fault and in weak breccias at the contact of the 
trachyte of the Matafao plug, and also to cutting downward of the stream into a thick 
layer of weak explosion breccia. The streams between Fagaalu and Nuuuliare typical 
small consequent streams. The lagoon at Nuuuli is due to shoaling of the water by 
Recent Leone lava and to waves building a sandy hook known as Coconut Point. 
The large canyon draining into the lagoon probably owes its concentration of drain- 
age to the original form of Matafao plug, but the canyon was not examined. 

The abnormally large and flat-floored Mormon Valley northeast of Maupasaga 
probably owes its size to a stream which eroded inland along the rim of the Pago 
caldera somewhat as Pago Pago Stream did. The unusually flat floor resulted from 
the sediment which the stream drops as it sinks into the highly permeable Leone 
lava that dams the mouth of the valley. 

The valley northwest of Maupasaga is flat-floored and lies about 500 feet above sea 
level. It was formed by Leone lava partly filling a large canyon. The pre-lava 
Maupasaga Stream and the one directly across the island entering Massacre Bay 
drain the saddle between the Pago and Taputapu volcanoes thereby catching abnor- 
mally large amounts of run-off. All streams farther west are normal consequent 
streams. 

Trachyte plugs form most of the sharp and prominent peaks on Tutuila. Most of 
the basaltic lavas are too thin and irregularly jointed to make sharp peaks. Tuasa- 
vitasi and Taumata are typical of peaks due to resistance to erosion of massive 
andesitic-type lavas. The only flat upland surface is the swampy top of Taputapu 
Volcano. It appears to be a relic of the original surface. 


GEOLOGIC HISTORY 


The geologic history of Tutuila started when the rifts opened on the floor of the 
Pacific and the first lavas erupted about 15,000 feet below the surface of the ocean, 
possibly in early Tertiary time. The island is the top of a volcanic pile about 3 miles 
high. The elongated form of the island was predestined by the N. 70°-75° E. trend 
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of the erupting fissures. They were spaced en echelon as though they were the splin. 
tery side of a great fault block. 

Pyroclastic cones are notably steeper than cones composed of lava beds. Basalts 
erupted undersea build steep-sided cones, probably because of the large amount of 
pyrociastics produced by the explosion of the lava when it encounters water. Thus 
the earliest lavas above sea level have dips of 15° to 25° apparently because they 
mantle steep submarine cones. The history of Tutuila after it reached sea level 
follows: 


PLIOCENE OR EARLIEST PLEISTOCENE TIME 


(1) Outpouring of primitive olivine basalts from a rift zone trending N. 70° E, 
between the present sites of Afono and Masefau bays followed by either faulting or 
erosion or both, producing the Masefau dike complex and its associated talus breccias, 

(2) Outpouring of primitive basalts from three echelon fissures 1 mile apart and 
trending N. 70° E., and the development of the Taputapu, Pago, Alofau, and Olo- 
moana shield-shaped lava domes. 

(3) Collapse of the summits of the Alofau and Pago volcanoes forming two cal- 
deras (Pl. 4, stage 1). 

(4) Differentiation in the underlying magma reservoir or reservoirs resulting in 
the eruption of picritic basalts and andesitic and trachytic types of lavas (PI. 4, stage 
2). The southern rim of the Pago caldera was apparently buried by these flows. 
Firefountains and catastrophic explosions accompanying these eruptions laid down 
thick tuffs in the Pago caldera. Stream gravels were deposited between some of the 
later flows. 


Earty TO (?) PLEISTOCENE TIME 


(5) Vigorous stream and marine erosion carving deep canyons and wide shore 
platforms (PI. 4, stage 3). The terrestrial debris carried to the sea formed a fringing 
submarine shelf. Corals apparently flourished during the warm interglacial epochs 
when the sea was rising due to ice melting at the Poles. Pago River carved a wide 
and deep canyon in the caldera-filling lavas and thick tuffs at the foot of the north 
wall of the caldera. The bulky Pioa cone farther south caused the stream to aban- 
don the caldera rim at that place and flow southward down the slope of the lavas that 
had spilled over the south rim of the caldera. Streams also enlarged the Alofau 
caldera. 

(6) Submergence of 600 and possibly 2000 feet carrying down the encircling sub- 
marine shelf with its reefs, simultaneously deeply drowning the valley mouths and 
allowing the waves to attack the coast anew. Concurrent rapid alluviation of the 
valleys near the coast. 


MIppLeE TO LATE PLEISTOCENE TIME 


(7) Rapidly fluctuating sea level in response to changes in the volume of the polar 
ice caps and concurrent changes in the configuration of the ocean floors. During 
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Stage 1, Final phase in the extrusion of primitive olivine basalts. Stage 2, Final phase in the 


extrusion of trachyte and differentiated lavas. The southern rim of the Pago Caldera has 
been buried. Stage 3, Beginning of stream erosion following the cessation of volcanism. 


STAGES IN THE GEOLOGIC HISTORY OF TUTUILA ISLAND, SAMOA 
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STAGE 4 


STEARNS, PL. 5 


STAGE 5 50 45 


Cape Taputapu 


ia 
20 


Cape Matatula 


Aunuu Is!and 


Stage 4, Growth of a barrier reef on the partly submerged, deeply eroded island. Stage 5, 
Submergence of the barrier reef and the extrusion of Leone volcanics, present stage. 


STAGES IN THE GEOLOGIC HISTORY OF TUTUILA ISLAND, SAMOA 
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interglacial periods and rising sea level coral reefs flourished only to be killed and 
ieveled down by the waves as the sea fell in glacial times. During late Pleistocene a 
jarrier reef, perhaps founded on a beveled barrier reef of the previous interglacial 
griod, encircled Tutuila (Pl. 5, stage 4). 

(8) Rapid submergence of about 200 feet, drowning the barrier reef, although a 
fw stretches of it kept apace of the rising ocean until it reached within about 50 
tet of present sea level. Continued alluviation of the valley mouths. 

(9) Emergence of 20 feet leaving large sea caves above sea level but no marine 
deposits, the sea evidently trimming down the small fringing reefs as it fell. 


RECENT TIME 


(10) Eruption of the Leone volcanics from a north-south fissure 3 miles long form- 
ag tuff cones where the lava erupted undersea and cinder cones on the land. The 
luminous pahoehoe piled on the submerged barrier reef and added about 8 square 
niles of land to Tutuila. A shallow submarine explosion formed Aunuu Island. 
The growth of fringing reefs continued. 

(11) Further emergence of 5 feet leaving benches up to 12 feet high on the Leone 
ind Aunuu tuffs, small remnants of fringing reef, and flats at the mouths of the major 
alleys (Pl. 5, stage 5). 


MANUA GROUP (AMERICAN SAMOA) 


GENERAL CONSIDERATIONS 


The islands of Ofu, Olosega, and Tau, together with the several islets that make 
the Manua group, are peaks on the top of a great volcanic pile 40 miles across, 
parated from the Tutuila pile by water 2 miles deep (Fig. 16). They are built ona 
tft trending N. 70° W. which runs down the northwest ridge of Tau through the 
wuth tip of Olosega and through the east end of Ofu. A submarine eruption occurred 
)miles southeast of Olosega on this rift in 1866 (Fig. 11). 


OFU AND OLOSEGA 


General statement.—Ofu and Olosega are remnants of a single basaltic volcano 
iiginally about 4 miles wide from north to south and 6 miles long from east to west. 
Daly stated that the volcano was a typical basaltic cone of the explosive type. The 
miter does not agree that the cone is of the explosive type, but Daly may have used 
the term loosely, meaning that firefountains were numerous. Pyroclastic beds are 
wot thicker nor more numerous than around the main vents of many basaltic vol- 
anoes. The structure of the cone is very unlike a Vesuvian cone. 

Nuu Islet, off the west side of Ofu, is a Recent basaltic tuff cone. The islands con- 
ist of three rock units—pre-caldera volcanics, dike complex, and post-caldera vol- 
anics, all probably Pliocene or early Pleistocene (Fig. 11). 

Pre-caldera volcanics.—The pre-caldera volcanics compose Olosega and the south 
and west sides of Ofu. They consist chiefly of thin-bedded primitive olivine basalts 
tipping away from the caldera 10° to 20° with lesser amounts of pyroclastics, chiefly 
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frefountain debris. The pre-caldera volcanics are 2100+ feet thick on Olosega 
(Pl. 7, fig. 1) and 1500+ feet thick on Ofu. The upper flows on the west side of Ofu 
ye nonporphyritic basalts, olivine porphyritic basalts, augite-olivine (picritic) 
yasalts, and basaltic andesites. Some of these slightly differentiated lavas may be 


FicurE 12.—Crystal settling in a lava tube on Ofu Island 


Size of crystals exaggerated two times 


post-caldera in age, having been poured from fissures on the slope of the cone. One 
pahoehoe flow on the point north of Aloafao contains lava-filled tubes in which the 
augite and olivine phenocrysts have been concentrated by crystal settling (Fig. 12). 
Similar evidence of crystal settling is found in lava tubes in a flow on Haleakala 
Volcano in the Hawaiian Islands (Stearns and Macdonald, 1942, p. 70). 

The pre-caldera lavas are separated from the caldera-filling volcanics by an angu- 
lr unconformity along which lie talus breccias. The unconformity indicates a 
caldera wall more than 2000 feet high produced by faulting. The unconformities 
bounding the east and west sides of the caldera are well exposed on the north shore of 
Ofu where the indipping caldera beds with steep dips toward the east and north lie 
on the pre-caldera lavas dipping to the west and south. The bulge in the eastern 
shore of Olosega borders a roughly circular plateau about 1200 feet across and about 
400 feet high that may consist of rocks unconformable on the pre-caldera lavas. It 
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was not visited. Just west of the south tip of Olosega the sea cliff cuts through a -aalde 
large cinder cone with a massive columnar-jointed crater fill of basalt. _er0si 

Dike complex.—A dike complex trending N. 70° W. forms the Sharks Tooth at the ¢‘ 
eastern end of Ofu and the western and southern points of Olosega. The closely Th 
spaced thin basaltic dikes in the Sharks Tooth, etched into relief by erosion and too east 
steep to carry soil or vegetation, form a magnificent exposure of a dike complex, | 468 
Most of the dikes are truncated by the unconformity delineating the eastern buried whet 
caldera wall. These dikes fill the fissures through which the lavas rose that built (1924 
the Ofu-Olosega cone and are confined to a zone about 4000 feet wide. The dikes |™™ 
decrease rapidly in number upward in the high cliffs of Olosega. A smooth steep |™P 
black rocky slope extends up the cliff of the north shore 1 mile west of the east end Th 
of Ofu. It was seen from a boat. It may be a heavy intrusive or a late lava flow, | 48 
but its outcrop is incongruous with the surrounding dikes. A very detailed survey | 
of the dikes, lavas, firefountain deposits, breccias, and their relation to the building |TV 
of the volcano should be made to shed light on the internal structure and mode of le des 
building of this type of steep-sided basaltic island. The bare rocky cliffs cutting at Geo 
several angles through the cone make the place ideal for such a study. Its formis sembl 
very different from that of Kilauea and other basaltic volcanoes where volcanologic 
researches have been made. 

Post-caldera volcanics—The post-caldera volcanics lie in the caldera on the north (1) 
slope of Ofu (Fig. 11). They dip about 15° toward the former lowest point of the | ‘primi 
caldera which was slightly north of the north coast (Fig. 11). They form a flat- | (2) 
topped terrace about 300 feet above sea level on the north coast where the dips |... . 
flatten. The terrace, seen from a passing boat, closely resembles a wave-cut plat- |)... 
form. The beds are synclinal in section, but time was not available to establish 
whether their structure was produced by sagging, by lava flowing into the basin and 
congealing on the slopes, or by both. This point would be worth establishing, as 
synclines are common in eroded caldera complexes, and their origin is not fully under- (3) I 
stood (Stearns and Vaksvik, 1935, p. 174). gowth 

Nuu Islet is a Recent tuff cone built on the reef by shallow submarine explosions. () S 
It has a wave-cut shelf at its base, probably made by the 5-foot stand of the sea. ifreefs 

Origin of the precipices—The origin of the high cliffs forming the north and south 
shores of Ofu and Olosega is a problem. They are certainly now being cut back by 
the waves. The depth of laterization of the surface flows on the island indicates that | (5) y 
activity ceased about the same time as on Tutuila; hence, the island is Pliocene of fin eme 
earliest Pleistocene. Daly (1924, p. 134) thought that detailed soundings might 
reveal the origin of the cliffs. The few soundings published indicate a wide submar- 
ine shelf, probably a drowned reef, that may conceal the base of the cliffs undersea. 

The west side of Ofu and the east side of Olosega are cut by cliffs 300 to 600 feet | (6) G 
high which, as Daly says, are solely the product of marine abrasion. A cliff, in places Set, 
only slightly higher than 600 feet, forms the north coast of Ofu. It cuts across the (7) E 
pre-caldera and post-caldera volcanics, the intervening caldera-wall fault scarp, and 
the dike complex with a trend not related to the geologic structure. It is probablya 
sea cliff also. The sea is usually rough on the north shore, and the original cone was (8) Su 
low there. The cliff on the northwest side of Olosega is curved parallel to the buried Tu rift 
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" a wall in Ofu; hence, the cliff is probably a caldera wall worn back by marine 


erosion. A second caldera may have existed just west of Olosega forming, with the 
‘one on Ofu, a double caldera. 

The curved bay bordered by the high southwest cliff of Olosega and the high south- 
east cliff of Ofu might also be a caldera enlarged by marine erosion as Friedlander 
suggests. A detailed study of the strikes and dips of the lava beds would determine 
whether this hypothesis is correct. If the cliffs were produced by slumping as Daly 
(1924, p. 133) suggests, the origin cannot be determined. Perhaps the bay is dueto 
marine erosion working inward along the vertical structure of the fractured dike 
complex. The writer did not have an opportunity to study this coast. 

The steeply dipping pre-caldera lavas of the Ofu-Olosega cone indicate that they 
plunged into deep water and mantled a steep-sided submarine cone probably largely 
pyroclastic. Calderas in such cones may be formed in part by collapse over a magma 
reservoir and in part by great landslides on the steep saturated ash beds that must 
lie deep in the volcanic edifice. 

Geologic history of Ofu and Olosega.—The geologic history of Ofu and Olosega re- 
embles that of Tutuila. It is summarized below. 


PLIOCENE OR EARLIEST PLEISTOCENE TIME 


(1) Building of a volcanic cone 4 miles wide and 6 miles long composed chiefly of 
\primitive thin-bedded basalts along a rift trending N. 70° W. 


4 | (2) Collapse of the summit to form a caldera about 2 miles in diameter on the 


‘north slope. It was partly filled before volcanism ceased. A similar caldera may 
have existed on the south slope. 
EARLY AND MIDDLE PLEISTOCENE TIME 


(3) Long uninterrupted period of stream and marine erosion and probably the 
gowth of a barrier reef. 

(4) Submergence of at least 400 feet and probably much more; continued growth 
reefs; and formation of high cliffs by marine erosion. 


LATE PLEISTOCENE TIME 
(5) Drowning of the surrounding reef about 200 feet separating Olosega from Ofu. 
in emergence of 20 feet may have followed. 
RECENT TIME 


(6) Growth of a fringing reef through which an explosion took place building Nuu 
Met. 


(7) Emergence of 5 feet. 
Historic Time 


(8) Submarine eruption 2 miles southeast of Olosega in 1866 on the ancient Ofu- 
lu rift building a cone to within 150 feet of the surface of the ocean. 
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TAU 


Tau is built over a rift trending N. 70° W. Possibly another rift runs N. 80°F, 
from it. As Daly pointed out, it is a single basaltic dome (PI. 7, fig. 2). The writer 
saw only the western end, hence can contribute little. Friedlander proposed that 
the parallel high cliffs on the south side were fault scarps of a huge volcanic sink. 
The topographic form substantiates such a hypothesis, but the terrace between the 
two cliffs probably has the same origin as the one on the north side of Ofu—that is, 
a terrace of caldera-filling lavas and not a downthrown block. It is tentatively 
mapped as such in Figure 11 although it may be partly veneered with late quaternary 
lavas. The 2000-foot cliff on the north side may be due to faulting, perhaps in con- 
nection with another caldera. It is smoothed as though veneered with later lavas, 
The northwest slope is a cone-studded rift zone. Daly noted that the northwest 
corer of the island is built by Recent tuff cones that contain coral limestone ejecta. 

The surface between Siufaga and Fagamalo on the western end of the island is fresh 
aa and pahoehoe flows that partly buried ancient sea cliffs (Fig. 11). Some of the 
lavas in these sea cliffs are porphyritic olivine-augite (picritic) basalts similar to the 
Pliocene lavas in Tutuila and Upolu. They are filled with log molds. One of the 
massive beds shows clearly along the joints the formation of iddingsite from olivine 
phenocrysts. The olivine phenocrysts half an inch from the joints are unaltered. 

Scattered soundings suggest a shelf nearly 4 miles wide and less than 600 feet below 
sea level extending southwestward from Tau. It is probably correlative with the 
submerged shelf around the other volcanic islands in the Samoan group. _ 

Geologic data on which to base any but very tentative conclusions are scarce. 
The conclusions are summarized as follows: 

(1) Building of a basaltic cone 6 miles wide and 8 miles long in Pliocene or earliest 
Pleistocene time over a rift trending N. 70° W. 

(2) Collapse of the summit to form a caldera 4 miles across on its south slope and 
possibly another on its north slope. 

(3) Long period of marine and stream erosion and formation of a broad submarine 
shelf by deposition and wave erosion. 

(4) Submergence of 400 feet or more. 

(5) Renewed volcanic activity in late Pleistocene and Recent time that veneered 
much of the mountain with fresh lava flows and buried older sea cliffs. Lava erupt- 
ing in the shallow water off the northeast shore exploded and built tuff cones. 

(6) An emergence of 5 feet, leaving a fringing bench possibly preceded by a 20-foot 
emergence. 


ROSE ISLAND 


Rose Island is a coral atoll with sand beaches 10 feet above sea level. It was ap- 
parently built on a volcanic basement in late Pleistocene time. Emerged reef rem- 
nants indicate a 5-foot drop in sea level (Mayor, 1924b, p. 75). 


SAVAII (BRITISH SAMOA) 


Savaii is built over a main rift zone that trends S. 70° E. toward Upolu. Along 
the rift lies a line of cinder cones which divides on the southeast side, one chain con- 
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Ficure 2. Looxinc SourHEASt Towarp Sreps Point, 
Showing ridge of Recent volcanics from the point west of Agugulu Village, Fagatele tuff 
cone, A; Taputapu volcanics, B; and fringing reef at half tide, C. 


Ficure 3. ErostonaALt UNCONFORMITY, TUTUILA 
In the lithic-vitric tuff of the Leone volcanics at the blow hole 1 mile southeast of 


Figure 1. Sea Coast East Sipe or Facasa Bay, TuTuILa 
Thin-bedded pre-caldera primitive olivine basalts of the Pago volcanic series. 


Leone Point, Tutuila. 


VOLCANICS, TUTUILA ISLAND 
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Ficure 1. Looxinc SourHwarRD TO OLOSEGA IsLAND 
Thin-bedded primitive pre-caldera basalts are exposed in the foreground. Truncated on the right 
by an eroded caldera wall 2095 feet high. 


Ficure 2. Looxinc Eastwarp Towarp Tau IsLanp 
Shield-shaped basaltic volcano. Hills in foreground are Recent tuff cones. 


Figure 3. Reer Frat at Leraca, 
Steep mountain on left posed of Pli volcanics (A) overlain unconformably at B by thick 
Pleistocene and Recent lavas forming horizontal ridge on the right (C). 


, OLOSEGA, TAU, AND UPOLU ISLANDS 
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tinuing S. 70° E. to Cape Tuasivi and the other S. 50° E. toward Upolu Island. 
Between the two chains lies one of the deepest soils on Savaii, and off the coast lies 
a barrier reef 9000 feet across. Apparently the two chains of cones sheltered the 
intervening area from late lavas. Another rift zone marked by cones runs N. 15° 
W. across the island. On it lies Matavanu Cone which poured out olivine basalt 
pahoehoe from 1905 to 1911. The lava covered a barrier reef and ran lengthwise of 
the coast filling the lagoon. A lava-cobble barrier beach built since 1911 and covered 
with coconvt trees extends for a mile westward along the outer edge of the former 
reef. The lava flow is cut by a sea cliff 10 to 50 feet high. Interbedded with the 
lava is a long lens of volcanic sand resulting from comminution of the hot lava as it 
exploded when the main lava river poured into deep water. The lava flow inshore is 
filled with numerous molds of coconut and other trees overwhelmed by the lava. 
Vegetation is rapidly taking root, typical of pahoehoe flows in a wet climate. 

The form produced by a voluminous pahoehoe flow entering the sea over a barrier 
reef is illustrated by the Matavanu lava flow and constitutes a geologic lesson in 
relation to the history of the Samoan Islands. The lava flow has the slope of the 
mountain from the source to the former coast where it flattens abruptly. It built 
up the reef flat from a few feet to 50 feet above sea level. The highest place at the 
coast is near the axis of the flow where several tubes conducted the molten lava over 
the reef front into deep water for the duration of the eruption. Thus, lava flows 
pouring into the sea over a long period may discharge most of their volume over the 
reef, thereby extending the island seaward without building up the reef flat appre- 
ciably. 

The lava of 1902 was erupted from a fissure at an altitude of about 5250 feet on the 
main rift about 7 miles southwest of Matavanu. The fissure is marked by a chain 
of spatter cones called Mauga Afi. About a mile farther west is another line of spat- 
ter cones that may have been formed at the same time. These fissure eruptions are 
similar to the historic vents on Mauna Loa, Hawaii. The lava from both vents 
poured northward to the coast. The lava field is aa in the upper part and pahoehoe 
near the coast. About 3 miles west of Mauga Afi is a cinder cone which poured a 
narrow flow northward toward Tatania Bay. The small amount of vegetation on 
this lava indicates that it is not very old. Fairly late pahoehoe forms the flat ex- 
panded northwest end of Savaii. 

Under the veneer of Quaternary lavas is an eroded Pliocene mass which can be dis- 
cerned from a plane. Two deep re-entrants are shown on the U. S. Navy, Hydro- 
gtaphic Office, Chart 2921 on the south slope above the village of Tufu. The west 
one is a canyon 4 miles long, nearly 2 miles wide, and originally more than 1000 feet 
deep. The bottom is floored with a deep fill of Quaternary lavas. The eastern 
reentrant is occupied by a river draining into the ocean at Tufu. It has a smaller 
fill of Quaternary lava than the western canyon. Alia Sega, the large stream drain- 
ing to the northeast coast at Sataputu also occupies a former large canyon nearly 
filled with later lavas. Several other deeply plastered amphitheater-headed canyons 
lie between Matavanu and the northwestern end of the island. The canyon cutting 
epoch probably corresponds to the one on Tutuila and Upolu. 

Two escarpments run south from Safune Bay on the north coast. The eastern 
one is about 15 feet high and the western one about 75 feet high. They appear to be 
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fault scarps bordering blocks downthrown to the east rather than partly buried 
canyon walls. 

A barrier reef 1} to 2 miles across extends for 14 miles along the southeast coast 
opposite Upolu. Its lagoon, 10 to 96 feet deep, is separated from the shore by a 
fringing reef half a mile wide. Both ends of the barrier reef are buried under fresh 
lava flows. Tafua Savaii, a cone 623 feet high, surmounts a flat of late lava that 
extends 1} miles southeast over the barrier reef toward Apolima Island. A wide 
coral reef lies in the broad bay on the west side of the flat. Nearly all the rest of the 
coast of Savaii is reefless, and much of it is rock bound. However, a line of sound- 
ings indicates a submarine shelf 3 to 12 miles wide and less than 100 fathoms deep 
completely surrounding the island. Other lava domes that have poured their lavas 
directly into the deep Pacific have dips of 10° to 25° along the shore. The broad 
shelf means that the Quaternary lavas veneering the dome have buried a broad sedi- 
mentary and wave-cut shelf, perhaps capped with a barrier reef. This drowned and 
lava-veneered shelf is connected with the drowned barrier reef and shelf surrounding 
Upolu. The meager evidence at hand supports the hypothesis that Upolu and Savaii 
have had parallel histories except that Savaii produced more lava in the late Quater- 


nary. 
UPOLU (BRITISH SAMOA) 
GENERAL CHARACTER AND AGE OF THE ROCKS 


The form of Upolu as seen from Apia Harbor is shown in Plate 8. The island is 
composed chiefly of basaltic rocks, lava flows and their feeding dikes, and small 


STRATIGRAPHIC SECTION OF UPOLU 


Geologic age Formation Tae aed General character 


Sedimentary rocks undif- | 100+ | Brown, silty, poorly sorted, uncon- 

ferentiated solidated, basaltic alluvium in the 
valleys; loose calcareous sand and 
coral gravel and cemented beach 
Recent rock along the coast; and living 
coral reefs. 


Laulii, Soaga, and Lefaga 50+ | Fresh olivine basalt aa and pahoehoe 


lava flows filling valleys. 
Erosional unconformity 
Coral reef 200+ | Extends from sea level downward on 


the later Pleistocene lavas. 
Middle and late 


Pleistocene Lava flows and their asso-| 10-1000 | Nonporphyritic and porphyritic oli- 
ciated dikes and cones vine basalts locally unconformable 

and filling valleys. 
—_—~—~—— Great erosional unconformity 
Lava flows and their asso- | 3600+ | Basalts and basaltic andesites 10 to 
Pliocene or earliest ciated dikes, tuffs, and 100 feet thick either nonporphyritic 
Pleistocene cones or containing phenocrysts of oli- 


vine and/or augite and feldspar. 
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amounts of pyroclastics that are chiefly products of firefountains. A barrier reef 
extends around most of the island. Along the shore are beaches of reef detritus 
except at the mouths of large rivers where deposits of basaltic gravel and sand are 
found. The volcanics are readily separated into two major groups—deeply weathered 
and eroded rocks assigned tentatively to the Pliocene; and the later volcanics uncon- 
formable upon them assigned to the later Pleistocene and Recent. No fossils were 
found. A stratigraphic section is shown on page 1320. 


PLIOCENE ROCKS 


The oldest rocks on Upolu are tentatively assigned to the upper Pliocene on the 
basis of weathering and erosion. ‘The rocks are similar in appearance, composition, 
degree of weathering, and stage of erosion to the upper Pliocene rocks in Tutuila. 

The Pliocene rocks in Upolu form steep-sided high mountains with slopes of 25° to 
50° (Pl. 7, fig. 3). They rise as inliers, monadnocklike, above the gentle slopes of 
the later lavas. Mt. Vaaifetu, one of the highest peaks of the island, is composed of 
these rocks. Their distribution (Fig. 13) was determined by a traverse along the 
north coast to Falefa and around the mass on the west end of the island. The rest 
were sketched from high points and from a plane, or determined from the topo- 
graphic map (U. S. Navy, Hydrographic Office, Chart 2923). The areas should be 
considered as approximate only, especially along the crest and southeast slope of the 
island. 

The rocks consist of lava flows 10 to 100 feet thick, chiefly aa, and their associated 
dikes and pyroclastics. Beds of vitric tuff a few inches to several feet thick are fairly 
common. No lithic tuffs were seen in the few exposures studied. The lava flows are 
feldspar-augite porphyries, olivine-augite porphyries, and olivine-free and olivine- 
rich basalts, and basaltic andesites, all typical of the slightly differentiated rocks 
overlying primitive basalts in Pacific volcanoes. Mt. Spitzer has the sharp form of 
an eroded trachyte plug, but no trachyte could be observed in it froma plane. Bar- 
trum (1927, p. 254) describes soda trachyte pebbles at the mouth of the stream drain- 
ing into Fagaloa Bay. A massive bed of rock, possibly trachyte, is exposed in a scar 
on the south side of the bay. The whole series is correlative with the post-caldera 
lavas of the Pago volcanic series in Tutuila. The lavas dip away from the axis of 
the island from 8° to 25° indicating a rift zone trending about S. 70° E. as their source. 

The erosional unconformity between the Pliocene and Pleistocene rocks is exposed 
in a number of places. It always consists of nearly horizontal Pleistocene lavas 
resting on talus and soil which lie on Pliocene lavas steeply truncated by erosion. 


MIDDLE AND LATE PLEISTOCENE VOLCANICS 


Middle and late Pleistocene volcanics cover most of the island (Fig. 13). They 
range in age from those covered with several feet of soil and partly weathered to a 
depth of 15 to 20 feet to those which are thinly veneered with soil, transitional to the 
recent lavas. The Pleistocene cones are mostly well preserved. The most promi- 
nent are shown in Figure 13. Their alignment indicates a rift zone trending S. 
70° E. along the axis of the island. Thus, the later lavas rose along fissures in the 
ancient Pliocene rift zone. 
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The lavas are chiefly olivine basalts. They appear to be primitive basalts and 
represent the building of a new volcano. Pahoehoe flows are common. (See Mac- 
donald, 1944.) The lavas are almost horizontal near the coast and dip about 10° 
near the crest. Some are very massive and columnar jointed where they congealed 
in pre-existing canyons. They were spread over the deeply eroded Pliocene rocks. 
Those which filled deep and broad amphitheater-headed canyons formed broad 
plains, now the best plantation land, such as the one stretching toward the south and 
west from Falefa to the base of Mt. Vaaifetu. Some plains are interrupted by ter- 
races 50 feet or more high, representing older canyons cut in the Pleistocene basalts 
and later partly filled with lava. Such terraces are well exposed in the valley drain- 
ing to Apia. 

The south slope of the island opposite Apia is cut by canyons 500 feet or more deep. 
Erosion in this area has been little disturbed by late flows. One gains the impression 
that the bulk of the Pleistocene lavas was erupted in a single period of intense vol- 
canism followed by an erosion interval interrupted occasionally by Recent lava flows. 
However, detailed work may reveal that there are many erosional unconformities in 
the Pleistocene lavas and that the large canyons resulted either from topographic 
sheltering from flows or from localization of outbreaks, rather than from one major 
erosion period. 

The greatest bulk of the Pleistocene lavas was erupted in the 13-mile stretch along 
the crest between Mt. Vaaifetu and Mt. Tali Toelau. It is suspected that this stretch 
coincides with the former most active portion or summit area of the Pliocene volcano. 

Tafua Upolu, explored by Dana, is a late Pleistocene cinder cone with a crater 370 
feet deep that erupted on the summit of a Pliocene erosion remnant. It was not 
visited by the writer, but apparently most of the lava from this crater flowed west- 
ward and then northward. The great volume of Pleistocene lavas extravasated in 
this area exterucd the former north and south shores of the island about 3 miles. 
Submarine soundings indicate that the lavas extended the pre-existing submarine 
shelf 3 to 5 miles as shown by the bulges in the 100-fathom line (Fig. 13). 

Manono Island is a Pleistocene lava cone surrounded with a living barrier reef. 


RECENT VOLCANICS 


The latest lava flows and their associated cones range from a few hundred to several 
thousand years old. Three later flows are shown in Figure 13, but probably others 
exist. The three flows mapped are free from soil in spite of heavy tropical rains and 
rapid chemical weathering. By analogy with historic flows in similar climates else- 
where, they cannot be more than a few hundred years old. They will be named, for 
convenience, the Laulii flow, the Soaga flow, and the Lefaga flow. 

The Laulii flow is a very fresh olivine basalt aa nearly a mile wide at the coast and 
of an unknown thickness (noted by Dana, 1849, p. 324). Large trees grow on its 
surface, but between them are bare brownish-black rocky patches typical of a recent 
aa flow. The Laulii lava fills a valley cut in Pleistocene rocks. It is reefless at the 
coast. Its source cone is probably on the crest of the range to the south. The 
Laulii lava is probably the youngest of the three flows mapped. 

The Soaga flow is an olivine basalt aa flow more than 20 feet thick. It plasters 
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the floor of the’stream after which it is named. The flow was traversed as far as the 
Fale-o-Le-Fee, about 1500 feet altitude, but it comes apparently from the crest of 
the ridge. The stream, which often flows at the rate of 50,000,000 gallons a day and 
at times probably 500,000,000 gallons a day, has scarcely removed the surface clinker, 
Although well masked by vegetation, the clinker is free from soil and hummocky on 
both sides of the stream bed. 

The Lefaga flow is an olivine basalt pahoehoe flow that followed the course of the 
Lefaga River to the coast. Only in a few places has the river cut through the ropy 
crust. The source of the lava is unknown. It partly filled the gorge of the Lefaga 
River that was cut along the contact of the Pleistocene and Pliocene lavas. 

The lack of reef along the coast between Siumu and Falealili bays probably indi- 
cates a great fan of Recent lava. It may be the recent lava noted by Dana (1849, p, 
323) at Sinapu, a town not on maps available to the writer. Unmapped older 
flows of Kecent age appear to be transitional into the Pleistocene lavas. 

Apolima Island was studied froma plane. It isa Recent subaerial tuff cone caused 
by a submarine explosion, due to lava rising in the shallow Apolima Strait. It is too 
young to have a reef. 

Several tuff cones form islets off the east end of Upolu. They were not visited, but 
all appear from published descriptions to be subaerial in their upper parts. They 
were apparently caused by lava rising on the main rift and exploding in shallow sea 
water. They are probably late Pleistocene or Recent as indicated by the paucity of 
reef about them. 


LIVING REEFS 


The living reefs of Upolu are readily separable into fringing and barrier reefs (Fig. 
13). The fringing reefs range from narrow shelves to flats 13 miles wide. They are 
composed of coral sand, shells, and other detritus with coral heads bound together 
with coralline algae at the outer edge. They are nearly dry at low tide (PI. 7, fig. 3). 
Those not enclosed by a barrier reef lie mostly along the south coast. 

The main barrier reef is nearly continuous from Vailele Bay all the way along the 
north coast to the west tip and then along the south coast to the spur of Pliocene 
rocks forming the west side of Lefaga Bay. Shorter barrier reefs lie at the east tip 
and along parts of the south coast, also. A barrier reef is missing along most of the 
south shore, possibly because of either a lack of food supply for coral organisms or 
other hydrographic conditions, or the formation of the coast by very late flows. 
This stretch of the coast was not traversed beyond Lefaga Bay, but in that area the 
lavas are too young to support a barrier reef. 

A lagoon, 2 to 6 fathoms deep, separates the barrier from the fringing reef along the 
coast. The barrier reef lies 1 to 13 miles offshore. The seaward side of the barrier 
drops abruptly into 10 to 20 fathoms of water, beyond which lies a submarine shelf 2 
to 3 miles wide and 30 to 50 fathoms below sea level. The outer edge of the shelf 
drops abruptly to 100 fathoms and still more abruptly to 300 fathoms and more, ex- 
cept between Upolu and Savaii where the shelf has a gentle slope from 40 to 100 
fathoms. Soundings are meager except along the northwest end of Upolu, but there 
are sufficient to determine the submarine contour lines approximately as shown in 
Figure 13. 
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Astriking relation exists between the barrier reef and the age of the rocks. A liv- 
ing barrier reef is not found along coasts composed of Pliocene rocks. Scarcely any 
fringing reef exists either. This is contrary to the usual assumption that reefs sur- 
round old rather than young volcanoes in the coral seas (Davis, 1928, p. 247) and isa 


FicureE 14.—Diagram showing effect of slope on formation of coral reefs 
Front block shows conditions prior to a rise in sea level. Rear block shows conditions after a rapid rise in sea 
kvel, with a barrier reef developed on the gentle slope and a fringing reef on the steep slope. 


cue to the general reef problem. Barrier reefs are absent from the latest lavas also. 
One concludes that the submergence of Upolu has been too rapid for reefs to grow to 
the surface of the ocean except on the coasts of gently sloping Pleistocene lavas (Fig. 
14). This submergence was probably due to a eustatic rise of sea level although a 
rapid subsidence of the island would explain the absence of a barrier reef on the steep 
coasts of Pliocene rocks. Following are two other deductions: 

(1) That barrier reefs 20 fathoms (120 feet) in vertical thickness and 2 miles wide 
have been built since late Pleistocene time. No streams enter the sea for many 
miles along the coast of Upolu skirted by the main barrier reef due to the permeability 
and youthfulness of the late Pleistocene lava surface; hence, the entire reef contains 
no land sediments. 

(2) It seems likely that the living barrier reef of Upolu resulted from the upward 
growth of a fringing reef during submergence. 

Remnants of the emerged reef of the 5-foot stand of the sea were seen on the reef 
fat at Fagalii Bay. Many of the sea cliffs of that stand are now abandoned by 
the waves and are fronted with flats about 6 to 8 feet above sea level. They are 
occupied by villages indicating that the sea does not pass over them now even in 
storms. The world-wide 5-foot shore line is doubtless eustatic (Stearns, 1941, p. 
179), The 5-foot shore line in Hawaii was preceded by a 25-foot stand prior to the 
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last glaciation. Evidence of the 25-foot shore line was not found in the brief tin. 
on Upolu, but emerged sea caves on Tutuila indicate its presence there. 


DROWNED BARRIER REEF 


Soundings, meager as they are, off the coasts formed of Pliocene rocks indicatea 
submarine shelf 25 to 30 fathoms along shore and 40 to 50 fathoms 1 to 3 miles from 
shore. Detailed soundings off Tutuila clearly define a drowned barrier reef of simi- 
lar width and depth (Pl. 1). Probably the shelf around Upolu is also a drowned 
barrier reef. 

The gentle dip of the late Pleistocene lavas along the coast indicates that they over- 
flowed a pre-existing broad submarine shelf or drowned barrier reef (Fig. 14). A 
plausible hypothesis is that a barrier reef was growing upward from some greater 
depth when overwhelmed by the Pleistocene lavas and resumed its growth on them 
immediately after they cooled. As stretches of the older reef, where not buried by 
Quaternary lavas, did not grow upward to present sea level but now lie drowned in 
30 to 40 fathoms of water, a sudden submergence in late Pleistocene or early Recent 
time must have killed the corals on this reef. This older reef lies at the same depth 
as the floors of the lagoons of most atolls and many submarine shelves throughout the 
world, suggesting that the top of the reef was formed at the Wisconsin low stand of 
the sea. 

The thickness of the drowned coral reef can be determined satisfactorily only by 
drilling. The drowned barrier reef may rest on a wave-beveled older reef. The 
slight change in the configuration of the land since the Pleistocene lavas were erupted 
places the chief erosional period of the Pliocene lavas in earliest Pleistocene time, well 
before the reef was drowned. ‘The abrupt change in slope beyond 100 fathoms seems 
to indicate that the shore line of the great erosional period was 600 feet or more below 
the present shore line. If so, the drowned barrier reef rests on a thick section of 
marine and land sediments deposited on a still older platform. 


GEOLOGIC HISTORY 


Upolu began its life above the sea as an elongated shield-shaped basaltic volcano 
built over a rift zone trending S. 70° E. probably in late Tertiary time. In its closing 
phase it poured out 1000 feet or more of lavas, commonly either more femic or more 
siliceous than primitive olivine basalt. Many of these flows are coarse porphyries. 
The shore line of this phase appears to be at least 600 feet below present sea level and 
probably more than 1200 feet. The volcano ceased erupting in late Pliocene time 
and under heavy tropical rainfall was soon covered with soil and dense vegetation. 
It may have stood about 6000 feet above the ocean of that time. Streams carved 
deep into the slopes during earliest Pleistocene time and formed great amphitheater- 
headed canyons, leaving high sector-shaped remnants pointing inland between the 
canyons. ‘The terrestrial debris and long-continued wave erosion built a platform 
offshore on which coral reefs grew and flourished (Fig. 15, stage 1). The Pleistocene, 
being a period of shifting sea levels, probably at times beveled these reefs and at other 
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FicureE 15.—Stages in the development of U polu Island 
1. After erosion of the Pliocene volcanics but nrior to submergence and the eruption of Pleistocene volcanics. 
2. During the eruption of the Pleistocene volcanics and after submergence. 
3. Present stage. 
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times drowned them, but the cumulative effect of the epoch was the increase in width 
and height of the reef bordering the pinnacled remains of the Pliocene volcano. 

The erosion period was suddenly interrupted in middle Pleistocene time by vigorous 
volcanic activity along the ancient Pliocene rift. Voluminous olivine basalt pahoe- 
hoe and aa flows poured down the canyon walls in spectacular firefalls, pooled in the 
flat-floored canyons, and then flowed sluggishly across the reef flat and submarine 
shelf. Many of the flows cascaded over the outer margin of the shelf, and great 
volumes of lava poured into the offshore deeps, gradually building them to the level 
of the shelf. Directed probably by the topography of the older rocks, but possibly 
also by concentration of volcanic activity, most of these lavas poured northward and 
southward from a point about 8 miles west of the center of the island. This caused 
the bulbous extension of the island and the broad submarine shelf in this area. The 
lavas are probably several thousand feet thick along the summit and 100 feet or 
more along the coast. 

The Pleistocene lava floods buried most of the crest of the ancient mountains but 
failed to cover the high intercanyon sector-shaped remnants near the coast (Fig. 
15, stage 2). The remnants project above the lavas as steep-sided mountain ridges, 
chiefly at the eastern end of the island. A group of peaks also rises above the Pleis- 
tocene lavas in the western end near Lefaga Bay (Fig. 15, stage 2). These may be 
remnants of a different Pliocene volcano than the remnants on the eastern end of the 
island. 

The nearly horizontal Pleistocene lavas along the coast, being free from mud, made 
an excellent foundation for coral colonies. Apparently a fringing reef started grow- 
ing on them. Fairly rapid submergence was either in progress or started soon after- 
ward. ‘The waters rose too fast from a level about 30 to 45 fathoms below the present 
sea for the older barrier reefs to keep up to the surface of the ocean. This led to the 
drowning of the barrier reef surrounding the steeper coasts; but the fringing reef on 
the gently sloping Pleistocene lavas grew upward at its outer edge where breakers 
brought plenty of food but was unable to maintain itself on its shoreward side. 
Submergence continued until the sea stood 5 feet above its present level (and probably 
25 feet). Then the sea receded to its present level beveling the reef where it stood 
above the ocean and accelerating coral growth where the coral was living in deep 
water (Fig. 15, stage 3). 

Streams cut canyons as much as 600 feet deep in the Pleistocene lavas, especially 
in the eastern half of the island. Scattered eruptions followed which poured lavas 
down some of these later canyons, plastering their floors and burying the coral reef 
at the coast. These eruptions occurred, at most, only a few hundred years ago; 
hence, future activity may be expected on Upolu. 


GEOLOGIC HISTORY OF THE SAMOAN ISLANDS 


A profile of the Samoan Archipelago (Fig. 16) indicates that four great volcanic 
piles have been built up from the ocean floor over two sets of fractures, one trending 
N. 75° E. and the other about N. 75° W. The fractures are staggered in echelon 
fashion. The four piles now project above sea level to form (1) Savaii-Upolu, prob- 
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ably two piles merged; (2) Tutuila; (3) Manua group; and (4) Rose Island. The 
ocean is 2 to 3 miles deep between them. 
Their major history above sea level is remarkably similar: 


PLIOCENE OR EARLIEST PLEISTOCENE TIME 


(1) Period of rapid extrusion of primitive olivine basalts building the separate 
volcanoes. 

(2) Collapse of the summits of most of the volcanoes to form calderas. 

(3) Continued lava eruptions partly filling the calderas. The rate of eruption 
tapered off with the production of more pyroclastic debris and more or less differen- 
tiated lavas and porphyries. Trachytic lavas, the end phase of differentiation ina 
Pacific basaltic volcano, were erupted on Tutuila and probably at one place on Upolu. 


EARLY AND MIDDLE PLEISTOCENE TIME 


(4) Cessation of volcanism throughout the archipelago. 

(5) Long period of stream and marine erosion forming cliffs, platforms, and can- 
yons. Coral reef growth. 

(6) Submergence of at least 400 feet and perhaps as much as 2000 feet with corals 
and sediment adding to previously built submarine platforms. Drowning of valleys. 

(7) Fluctuating sea level causing barrier reefs to grow during interglacial periods 
and to be either partly or completely destroyed during glacial periods. Increased 
cliffing of the shores during low stands of the sea and alluviation of the valley floors 
during high stands. Wide barrier reefs around most if not all the islands culminated 
this period. 

(8) Beginning of a new period of volcanism on Savaii and Upolu. 


LATE PLEISTOCENE TIME 


(9) Continued volcanic activity on Savaii and Upolu, and probably on Tau, bury- 
ing long stretches of reef. Starting of coral reefs on the basalts laid down during 
these eruptions, and stream erosion where the land was not continually overflowed 
with lava. 

(10) Submergence of about 200 feet, drowning the previously formed barrier reef, 
perhaps due chiefly to the return of water from the melting polar ice caps of Wiscon- 
sin age. The corals kept apace with submergence on the gently shelving coasts of 
late lavas and formed barrier reefs off Upolu and parts of Savaii but failed to keep 
up on the steep shores composed of Pliocene rocks. 

(11) Emergence of 20 feet leaving numerous abandoned sea caves. 


RECENT TIME 


(12) Continued volcanism, this time forming numerous offshore tuff cones and/or 
lava flows on all islands except Rose. Some of the lava flows partly filled valleys. 
Growt!. of fringing reefs. 
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(13) Emergence of 5 feet leaving abandoned sea cliffs, stacks, caves, and loose 
marine deposits. 


Historic Time 


(14) Continued volcanism with a submarine eruption between Tau and Olosega 
in 1866 and several eruptions on the island of Savaii, the last ending in 1911. 
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ABSTRACT 


Tutuila Islands consists of five overlapping shield volcanoes. The lavas of all are predominantly 
olivine basalts, but picritic basalts, olivine-poor basalts, and olivine-free basalts also are present, 
Two flows of oligoclase andesite are found in the easternmost (Olomoana) volcano; both andesine and 
oligoclase andesites are present in the westernmost (Taputapu) volcano. 

The pre-caldera lavas of Pago Volcano are predominantly olivine basalts, with less abundant 
olivine-poor basalts, and picritic basalts rich in olivine phenocrysts. The same types are present in 
the caldera-filling lavas, but the olivine-poor basalts are more abundant; andesites and olivine-free 
basalts also are present. The post-caldera lavas include olivine basalts, olivine-poor basalts, picritic 
basalts, andesine andesites, and oligoclase andesites. The picritic basalts differ from those in the 
earlier groups in containing numerous augite phenocrysts in addition to those of olivine. During the 
period of eruption of the caldera-filling and post-caldera lavas, there were extruded several masses 
of quartz trachyte. The last eruptions on Tutuila were of limburgite-basalt. 

Specimens from Ofu include olivine basalt, basaltic andesite, and picritic basalt with many 
phenocrysts of augite. Similar olivine basalts and a picritic basalt were collected on Tau. 

The oldest (Pliocene?) lavas of Upolu are preponderantly olivine basalt, with smaller amounts of 
olivine-poor basalt, picritic basalt, and basaltic andesite. At least one mass of trachyte is present. 
The picritic basalts contain phenocrysts of both olivine and augite. With one possible exception, all 
the Pleistocene lavas of Upolu are olivine basalts. The exception is a specimen of basaltic andesite 
which may belong with the older lavas. The Recent lava flows also are olivine basalts. The lavas 
of Savaii are predominantly olivine basalts, but picritic basalts containing augite and olivine pheno- 
crysts also are known. 

All available chemical analyses of Samoan rocks are listed. The suite is alkalic, near the boundary 
of the alkali-calcic group, with an alkali-lime index of 50.5. Differentiation was probably largely by 


crystal settling. 
INTRODUCTION 


The present study of the petrography of the Samoan Islands is based largely ona 
suite of specimens collected during 1941 and 1943 by H. T. Stearns of the U. S. 
Geological Survey. The writer has not visited the Samoan Islands. 

The collections are adequate only on the islands of Tutuila and Upolu. Eighty 
specimens from Tutuila, and 30 from Upolu have been studied. Few specimens 
are available from the other islands. Thus, the present paper is essentially a study 
of the petrography of Tutuila and Upolu, with added notes on the few rocks collected 
by Stearns on the other islands. Probably, however, the rocks of Tutuila and Upolu 
represent fairly well the range of variation of Samoan lavas. 

The rocks have been studied principally in thin section. Refractive indices were 
determined by immersion in liquids of known index. The composition of the feld- 
spars was determined in most specimens from the refractive index, but in some by 
extinction-angle methods. The size of the optic axial angle was estimated from 
interference figures. Percentages of the various minerals were estimated with the 
aid of a grilled ocular. 

The general geology of the Samoan Islands has been described by Stearns (1944). 
The units discussed herein are the same as those described by him. 

The writer wishes to thank H. T. Stearns and C. S. Ross who have read and crit- 
icized the manuscript of this paper. 
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PREVIOUS INVESTIGATIONS 


Most contributions to the petrography of the Samoan Islands consist of the 
description of a few scattered specimens. Mdéhle (1902, p. 93-105) examined about 
50 specimens, most of which were from Upolu, but which included a few from Savaii 
and Tau. Most were olivine basalts, but three were described as limburgites. 
Specimens from Apolima and Fanuatapu islets, respectively west and east of Upolu, 
were palagonite tuffs. 

Kaiser (1904, p. 121) described a specimen of the 1902 lava, from Mauga Afi, on 
Savaii. Klautsch (1907, p. 174) described the lava flow of 1905,from Matavanu, and 
gave a chemical analysis of the rock by Heuseler. Jensen (1907, p. 666-669) also 
described the 1905 lava, together with four other specimens of olivine basalt from 
Savaiiand three from Upolu. One of those from Savaii was said to contain enstatite. 
Jensen’s (1908, p. 706-707) analysis of the Matavanu lava differs somewhat from that 
by Heuseler. 

Weber (1909, p. 289-310) described specimens collected by I. Friedlaender at sev- 
eral localities on Savaii and Upolu, many from Tutuila, and a few from Ofu, Olosega, 
and Tau. Specimens of palagonite tuff from Apolima Islet near Upolu, and Aunuu 
Islet near Tutuila, also were described. Analyses by Hobein of the Aunuu tuff, and 
of six rocks from Tutuila, were presented. Unfortunately, however, the samples were 
ignited before analysis, and all the iron is reported as ferric oxide. Moreover, in 
several of the analyses the alumina appears to be too high. Weber reported nepheline 
in several specimens, but his identification of that mineral has not been confirmed. 

Thomson (1921, p. 63-64) briefly summarized previous descriptions of Samoan 
rocks but added no new descriptions. 

The most complete description of the rocks of any one of the Samoan Islands is 
that of the rocks of Tutuila by Daly (1924, p. 99-122). Excellent descriptions of 
many specimens, from localities scattered all over the island, are given, together with 
chemical analyses of eight specimens by Washington. The common rocks were 
recognized to be olivine basalts, varying to olivine-rich and olivine-poor types. 
More silicic varieties, called trachydolerites by Daly, were also recognized, and 
several of the trachyte bodies were carefully described. Coarse-grained gabbro, 
from the small stock exposed on the ridge east of Fagasa, was described and analysed. 
The Leone lava, the latest eruption on the island, also was described and analyzed 
and termed a limburgitic basalt. 

Bartrum (1927, p. 254-264) studied suites of specimens collected by J. A. Thomson 
and F. Wood. Satisfactory locality descriptions are given only for those collected 


jty Thomson. Most of the specimens were from Upolu, but several were from 


Savaii. The Upolu specimens included one of anorthoclase trachyte, from a boulder 
m the shore of Fagaloa Bay. Picritic basalts were recognized from both islands, 
but the predominant rocks were olivine basalts. One olivine basalt from a boulder 
m the shore of Uafato Bay, Upolu, contained hypersthene. Four new chemical 
malyses by F. T. Seelye, of unusual completeness, were presented. These included 
wo of picritic basalts and one of the anorthoclase trachyte. 
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ISLAND OF TUTUILA 

GENERAL GEOLOGY 

The island of Tutuila consists of five principal volcanic centers. In order of de 
creasing age these are the Masefau Volcano, Olomoana Volcano, Alofau Volcano, 
Pago Volcano, and Taputapu Volcano. At those five centers there were built broad 
shield volcanoes, four of which have been deeply eroded. Collapse at the summit 
of the Pago Volcano resulted in the formation of a large caldera, which was partly 
filled with later lavas and tuffs. During the caldera-filling and post-caldera stages 
of Pago Volcano, a series of trachytic rocks formed dikes, viscous domes, and pumice 
cones. ‘The trachytes were largely confined to the area of the Pago Volcano, but one, 
the Leila plug, lies on the Alofau Volcano, and another, the Lefulufulua plug, rests 
on the Olomoana Volcano. Still later, an eruption off the southeastern shore of 
Tutuila, on the flank of the Olomoana volcano, built the palagonite tuff cone of 
Aunuu Island. The last volcanic episode on Tutuila was a series of eruptions form- 
ing cinder and tuff cones along a fissure zone which extended nearly north and south 
across the southern slope of the Taputapu Volcano, in the western part of the island, 
and poured out lavas which built a broad flat plain along the southwestern coast. 
These latest lavas and tuffs are known as the Leone volcanics. 


MASEFAU VOLCANICS 


The rocks of the Masefau center include olivine basalts, olivine-poor basalts, and 
olivine-free basalts. The olivine basalts are most abuidant. Some contain small 
olivine phenocrysts, others contain feldspar phenocrysts with or without olivine 
phenocrysts, and still others are nonporphyritic. The olivine-poor and olivine-free 
basalts are closely similar to the olivine basalts except in the paucity or absence of 
olivine. The olivine phenocrysts are generally rounded and embayed by resorption 
and altered around the edges to iddingsite. In some rocks they are partly altered 
to serpentine. The plagioclase phenocrysts are sodic or intermediate bytownite, 
enclosed ina thin shell having the composition of the groundmass feldspar. Pyrox- 
ene phenocrysts are rare, but in a 2-foot dike exposed in the sea cliff on the north 
side of Masefau Bay, 1770 feet N. 72° E. of Masefau Church, there are pyroxene 
microphenocrysts consisting of a core of augite (+2V = 60°) surrounded by a shell, 
about 0.03 mm. thick, of pigeonitic augite (+2V = 40°). In another dike near 
by, rare augite phenocrysts show poorly developed hour-glass structure. 

The groundmass is intersertal or intergranular in texture and is composed of inter- 
mediate to sodic labradorite, monoclinic pyroxene, and iron ore. There is generally 
a little interstitial chloritic material, and some rocks contain a little interstitial calcite. 
Olivine is present in the groundmass of the olivine basalts and olivine-poor basalts. 
The iron ore includes both magnetite and ilmenite, in approximately equal abundance. 
The pyroxene is pigeonite. Minute acicular crystals of apatite are enclosed in the 
feldspar. In several rocks a little of the last-crystallized feldspar appears to be 
andesine. 

A talus block of olivine basalt, at the foot of the slope 2300 feet S.47° W. of Masefau 
Church, is unusual in containing a few grains of biotite and hornblende in the ground- 
mass and minute veinlets of iddingsite or a mineral closely resembling it, possibly can- 
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byite. The biotite is pale brown in anhedral flakes. The hornblende is pale brown 
and only weakly pleochroic. 


OLOMOANA VOLCANICS 


The lavas of Olomoana Volcano consist predominantly of olivine basalts, with less 
abundant olivine-poor and olivine-free basalts. They are much like the Masefau 
lavas, and the description need not be repeated. Biotite is present in the groundmass 
of several specimens, interstitial or projecting into vesicles. It is obviously of very 
late magmatic or deuteric origin. 

An olivine basalt exposed on the east shore of Aoa Bay, 2500 feet N. 8° W. of Aoa 
Church, contains unusually Jarge phenocrysts of olivine. They are very dark oil- 
green to nearly black, up to 1.5 cm. long, and are notably rounded by resorption. 
They have 6 = 1.690. 

Interbedded with the Olomoana basalts are two flows of oligoclase andesite. One 
crops out at the shore at Sandy Point, at the extreme eastern end of the island, and 
the other 1.6 miles farther west-northwest, on the east shore of Aoa Bay. The latter 
rock is a medium-gray sparingly vesicular aa, with many olivine phenocrysts up to 
1mm. across, which grade in size into the groundmass. Most of the olivine pheno- 
crysts are partly rounded by resorption, and all are altered around the edges to idding- 
site. 2V(—) = close to 90°. The groundmass is intersertal, with an average grain 
size of about 0.03 mm. It is composed of oligoclase, olivine, colorless monoclinic 
pyroxene, iron ore, pale-brown interstitial glass, and a few small flakes of brown 
biotite. Minute needles of apatite are enclosed in the feldspar. The rock at Sandy 
Point is nearly identical, except that it contains no olivine. The biotite has —2V = 
about 10°, and distinct dispersion with r < v. The iron ore is largely or entirely 
magnetite. The oligoclase andesites resemble the late lavas of Kohala, West Maui, 
and East Molokai volcanoes in the Hawaiian Islands (Macdonald, 1942b, p. 321-323). 
They are much like the rocks termed mugearite by British petrographers. 

A small massive plug of olivine basalt 1600 feet S. 51° W. of Cape Matatula con- 
tains angular inclusions of gabbro several millimeters across. 


ALOFAU VOLCANICS 


All the specimens of Alofau lavas and dikes are olivine basalt. They are closely 
similar to the olivine basalts of the Masefau and Olomoana volcanoes except that 
augite phenocrysts are a little more numerous. A 6-foot dike exposed at the road 
m the northeastern side of Fagaitua Bay, S. 50° E. of Leaeno Peak, contains mod- 
trately abundant phenocrysts of olivine and augite up to 5 mm. long. The olivine 
phenocrysts have —2V close to 90°. They are partly altered to iddingsite. The 
augite phenocrysts have +2V = 60°, and 8 = 1.702. Plagioclase phenocrysts con- 
iist of a core of calcic bytownite, surrounded by a thin shell in which the composition 
thanges progressively to calcic labradorite at the outside. The groundmass is inter- 
rtal, composed of labradorite, pigeonite, magnetite, ilmenite, and interstitial 
thlorite. Olivine appears to be absent in the groundmass. 

A 4-foot dike which crops out 387 feet farther southeast contains small augite 
thenocrysts, considerably rounded by resorption, with +2V = 55°, and inclined 
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dispersion with r > v strong on one optic axis but with no detectable dispersion on 
the other. Olivine phenocrysts also are rounded by resorption. The groundmass 
is intersertal, consisting of intermediate labradorite (6 = 1.563), pigeonite, olivine, 
iron ore, and glass. The ore is predominantly ilmenite. 

Biotite has been found in only one specimen, collected along the road 1700 feet N. 
7° E. of Cape Fogauso, on the east side of Fagaitua Bay. The biotite is of very late 
crystallization, forming flakes projecting into vesicles. 


PAGO VOLCANIC SERIES 


General statement.—The lavas of Pago Volcano can be divided roughly into three 
groups: those erupted previous to the formation of the caldera; those erupted into the 
caldera, gradually filling it; and those erupted after the filling of the caldera. The 
division is only approximate, as lavas undoubtedly were extruded from lateral fissures 
onto the flanks of the volcano while others were accumulating in the caldera, 
Moreover, the field study of Tutuila is not sufficiently complete to permit the definite 
assignment of some rocks to one member or another. However, there are sufficient 
specimens of known stratigraphic position to make possible a discussion of the Pago 
lavas on an age basis. 

Pre-caldera lavas.—The pre-caldera lavas are predominantly olivine basalts, with 
less abundant picritic basalts and olivine-poor basalts. Most of the olivine basalts 
contain moderately abundant phenocrysts of olivine from 1 to 7 mm. long. Ina 
few rocks, olivine phenocrysts are rare and small. The olivine phenocrysts have an 
optic axial angle close to 90°. They are generally rounded and embayed by resorp- 
tion and altered around the edges and along fractures to iddingsite. In some rocks 
the iddingsite is surrounded by a thin shell of fresh olivine. A relatively small pro- 
portion of the rocks contain phenocrysts of feldspar up to 1 or 2 mm. long. The 
groundmass isintergranular orintersertal, composed of plagioclase, monoclinic pyrox- 
ene, olivine, iron ore, and in some rocks interstitial glass. In some specimens the 
grain size is too small to permit determination of the groundmass pyroxene, but all 
that is identifiable is pigeonite. The iron ore includes both magnetite and ilmenite, 
with magnetite generally predominant. The principal feldspar is generally inter- 
mediate to sodic labradorite, but in one specimen it is calcic labradorite. In many 
rocks there also is a small amount of interstitial feldspar with the refractive index of 
andesine. 

The olivine-poor basalts differ from the olivine basalts only in the smaller propor- 
tion of olivine. No basalts have been found among the pre-caldera lavas which are 
entirely free of olivine. 

The picritic basalts are of the type characterized by abundant phenocrysts of 
olivine. In the writer’s work on Hawaiian lavas this has been termed the primitive 
type of picritic basalt, because of its association with primitive, undifferentiated 
olivine basalts, in contrast to the type of picritic basalt which contains in addition 
to the olivine phenocrysts abundant phenocrysts of augite and is associated with 
differentiated lavas such as andesites. The picritic basalts grade into the olivine 
basalts through a change in abundance of the olivine phenocrysts. The phenocrysts 
range up to about 8 mm. long and typically constitute 25 to 30 per cent of the rock. 
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They are partly resorbed and partly altered to iddingsite. They have a —2V close 
to 90°, and, in a specimen collected at the tip of the prominent peninsula projecting 
westward into Fagasa Bay, @ = 1.701. The groundmass is like that of the olivine 
basalts. 

A few basalts are transitional to the andesites. A specimen of one such rock was 
collected along the trail on the south side of Alava Ridge, at an altitude of 700 feet. 
Itcontains about 8 per cent olivine phenocrysts, up to 2mm. long. The groundmass 
is intersertal, composed of plagioclase (40%), olivine (4%), pigeonite (30%), iron 
ore (15%), and interstitial glass (3%). Small flakes of biotite, forming about 1 per 
cent of the rock, are interstitial and project into vesicles. Obviously they are of late 
crystallization. They are strongly pleochroic, with X = pale brownish yellow and 
1 = deep reddish brown, and appear uniaxial. The plagioclase consists of subhedral 
grains of sodic labradorite (8 = 1.560) and anhedral grains of andesine, with a 8 re- 
fractive index of about 1.554. The andesine has a small positive optic axial angle 
and is probably potassic (Macdonald, 1942a). Labradorite is about three times as 
abundant as andesine. 

Caldera-filling lavas.—The caldera-filling lavas of the Pago Volcano include olivine 
basalts, olivine-poor basalts, and picritic basalts of the primitive type, all closely 
resembling rocks found in the pre-caldera lavas. Olivine-poor basalts appear to be 
much more abundant in relation to the olivine basalts than in the pre-caldera lavas. 
In addition, olivine-free basalts and oligoclase andesites are present. Only the latter 
will be described. 

Along the road at Breaker Point, at the southeast corner of Pago Pago Bay, oligo- 
clase andesite rests on tuff, which in turn rests on talus breccia. The rock is brownish 
gray and dense, with a few plagioclase phenocrysts up to 6 mm. long and rare olivine 
phenocrysts up to 1mm. Under the microscope the rock is seen to consist largely 
of an aggregate of anhedral to subhedral tabular plagioclase grains, between which, 
and enclosed in which, are numerous minute prismatic grains of monoclinic pyroxene, 
most of them partly decomposed. Smallsubhedral grains of magnetite are abundant. 
The rare olivine phenocrysts are largely or entirely altered to iddingsite. A few 
grains of apatite reach lengths of 0.4mm. The plagioclase phenocrysts are andesine 
(@ = 1.552). The groundmass feldspar has the refractive index of oligoclase but has 
a small variable +2V, averaging about 45°, and is probably potassic. The rock 
resembles that at White Hill, on Haleakala Volcano in the Hawaiian Islands (Mac- 
donald, 1942b, p. 290). 

Another oligoclase andesite, which crops out 1900 feet N. 8° W. of Nuuuli Church, 
is similar to that just described, except that it contains a few acicular grains, up to 
0.5 mm. long by 0.1 mm. wide, of a mineral resembling riebeckite, but less strongly 
colored. It has nearly straight extinction, negative elongation, very low birefring- 
ence (about 0.004), large 2V, good prismatic cleavage, and prominent cross fracture, 
and is pleochroic with X = pale bluish gray and Z = pale yellowish gray. The 
plagioclase has the refractive index of oligoclase (8 = 1.540), but a small positive 
optic axial angle. The rock is closely similar to oligoclase andesites from West Maui 
(Macdonald, 1942b, p. 321-323) and Kohala volcanoes, in Hawaii. 

Post-caldera lavas.—The post-caldera lavas of Pago Volcano include olivine basalt, 
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olivine-poor basalt, picritic basalt, andesine andesite, and oligoclase andesite. The 
olivine basalts and olivine-poor basalts are similar to those of the earlier volcanics 
except that phenocrysts of augite are present in some. Also, feldspar phenocrysts 
in some rocks are larger than any found in earlier lavas. A rock exposed on Alava 
Ridge, 3600 feet northeast of Pago Pago Church, contains tabular phenocrysts of 
labradorite (8 = 1.562) which are reported by Daly (1924, p. 101) to reach a length 
of 2 cm. 

The picritic basalts differ from those among the earlier lavas in containing abundant 
augite phenocrysts, as well as phenocrysts of olivine. A lava exposed in Massacre 
Stream, 1600 feet south of Massacre Bay, contains abundant phenocrysts of olivine 
and augite up to 5 mm. long. The augite phenocrysts have 8 = 1.708, +2V = 
about 60°, and strong inclined dispersion with r > v strong on one optic axis and 
r <v weak on the other. Both olivine and augite phenocrysts are partly resorbed. 
The groundmass is intergranular, composed of calcic labradorite, monoclinic pyrox- 
ene, iron ore, and a few flakes of biotite. No olivine was found in the groundmass, 
but small patches of iddingsite (?) may have been derived from olivine. 

An andesite exposed on the ridge northeast of Fagasa Peak, N. 84° E. of Pago Pago 
Church, contains scattered phenocrysts of olivine and augite, up to 1.5 mm. long. 
Those of olivine are rounded and embayed by resorption, and partly altered to id- 
dingsite. They have a 2V close to 90°. Those of augite have 2 +2V = 60° and 
strong inclined dispersion. The groundmass is intergranular and very fine-grained, 
consisting of intermediate andesine (@ = 1.555), monoclinic pyroxene, iron ore, and 
biotite. The biotite is pleochroic from nearly colorless to reddish brown, with —2V 
= 10°, andr < vstrong. It is interstitial or projects into vesicles. 

Andesine andesites occur along the northeastern shore of the small bay southeast 
of Tauga Peak and northwest of the Lion’s Head. A rock probably from the same 
locality was analyzed by Washington and was termed by Daly a trachydoleritic 
basalt (Daly, 1924, p. 102). The analysis is given in column 6 of Table 1. Two 
specimens were collected by Stearns, one at the small peninsula on the northeast side 
of the bay and the other half way between that locality and the head of the bay. 
The specimen from the peninsula most nearly resembles that of Daly, although the 
other comes from a location closer to that at which Daly’s specimen was collected. 
That from the peninsula is a dark-gray dense rock, macroscopically nonporphyritic, 
but containing microphenocrysts of plagioclase, olivine, and magnetite in a fine- 
grained intergranula: to intersertal groundmass, composed of colorless monoclinic 
pyroxene, plagioclase, and magnetite. The olivine microphenocrysts are 'argely 
altered to a greenish-brown finely fibrous chloritic material, which also fills some in- 
terstices in the groundmass. It has moderately high birefringence and positive elon- 
gation. The plagioclase microphenocrysts consist of a core of intermediate labradorite 
(8 = 1.562), enclosed in a thin shell of the same composition as the groundmass 

feldspar. The latter is calcic oligoclase (@ = 1.546), with a small positive optic 
angle, and hence probably potassic. The rock differs from that described by Daly 
principally in the presence of olivine, which was absent in Daly’s specimen. Also, 
however, Daly reported the presence of sodic orthoclase. 

The second specimen of andesite in Stearns’ collection is nonporphyritic, with an 
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usually coarse grain size, averaging about 0.1 mm. It is composed of calcic 
mndesine (8 == 1.557), pigeonite, magnetite, interstitial brownish-green chlorite, and 
sfew grains of pale-brown biotite. The chlorite appears to be an alteration product 
gf original interstitial glass. 

An oligoclase andesite at the 1400-foot contour on the northwest side of Taumata 
Peak resembles that of caldera-filling age north of Nuuuli Church. It contains both 
ihe riebeckitelike mineral and biotite. The riebeckitelike mineral is partly clouded 
sith very finely granular iron ore. The biotite has an optic axial angle of about 10° 
und distinct dispersion. The plagioclase is calcic oligoclase (8 = 1.545). 

Intrusive rocks.—Dikes intruding the lavas of Pago Volcano include the same rock 
types found among the lavas and in general require no special description. A 3-foot 
dike exposed on the west shore of Afono Bay, 1500 feet N. 60° W. of Afono Church, 
is remarkable, however, for the concentration of plagioclase phenocrysts in the 
central part of the dike. Stearns (personal communication) states that the pheno- 
crysts constitute about 25 per cent of the rock in the center of the dike, whereas the 
marginal parts are nearly nonporphyritic. The phenocrysts are exceedingly tabular 
parallel to the side pinacoid, many of them as much as 1.5 cm. long, but few exceeding 
1mm. in thickness. They are of calcic bytownite, surrounded by a thin envelope 
ofmedium labradorite. The groundmass feldspar is medium labradorite (6 = 1.562). 
A2-foot dike which crops out 5625 feet S. 26° W. of Pago Church contains numerous 
tabular phenocrysts of plagioclase up to 3.5 cm. long. It may have been the feeder 
for the flow at the crest of Alava Ridge, previously mentioned. 

Two small intrusive bodies consist of fine-grained gabbro. One of these, on the 
ridge northwest of Matafao Peak, 1000 feet south of the trail from Fagasa to Pago 
Pago, was named by Daly the Fagasa gabbro. It is a small mass, possibly an en- 
larged portion of a dike, cutting caldera-filling and possibly post-caldera lavas. The 
tock is granitoid, with an average grain size of about 0.5 mm. It consists of calcic 
labradorite (43%), pale purplish-brown augite (34%), olivine partly altered to idding- 
site (15%), iron ore (7%), and interstitial reddish-brown biotite (1%). Minute 
acicular grains of apatite are enclosed in the feldspar. Weber (1909, p. 301) reported 
nepheline in this rock, but none could be found by Daly (1924, p. 114) or by the 
writer. Biotite is prominent in the specimen collected by Stearns, but from the fact 
that it was not noted by previous writers it may be inferred that it is not uniformly 
distributed throughout the rock mass. This, together with its mode of occurrence, 
suggests that it is probably deuteric in origin, deposited by circulating gases after 
the rest of the rock had crystallized. The Fagasa gabbro was analyzed for Daly by 
Washington, and the analysis is quoted in column 2 of Table 1. 

Asmall mass of gabbro, about 50 feet across, occurs 800 feet S. 29° E. of the south 
peak of Tuasivitasi. The rock is granitoid, with an average grain size of about 
0.6mm. It is composed of sodic labradorite (8 = 1.560), augite, olivine, iron ore, 
afew grains of hypersthene, and a few flakes of biotite. The ore appears to include 
both magnetite and ilmenite. 

Dunite inclusions—Small angular inclusions of dunite were reported by Daly 
(1924, p. 100) in lavas west of Pago Pago Village and near the top of the divide on 
the trail from Pago Pago to Vatia. They have been found by Stearns in olivine 
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basalts of pre-caldera age on the ridge 2300 feet N. 19° W. of North Pioa Peak, at 
400 feet altitude on the trail 1800 feet southwest of Fagasa Church, in the pass north 
of Taumata Peak, a quarter of a mile west of Masefau Village, and in a dike on the 
eastern slope of Tuasivitasi Ridge. Many dunite inclusions, from 1 to 2.5 cm. long, 
are present in the central part of a dike on the northeast shore of Fagasa Bay, N.7° 
E. of Fagasa Church. The dunite inclusions consist very largely of olivine, with a 
few small grains of a black metallic spinel, probably magnetite. In the dike, the 
inclusions were in the process of disintegrating, strewing crystals of olivine through- 
out the magma. 

Tuff and breccia member.—The tuff member has not been recognized outside the 
boundaries of the caldera, although thin ash beds are intercalated with the lavas in 
many other parts of the island. It is essentially contemporaneous with the caldera- 
filling lavas. In texture it varies from a fine silty tuff, through sand grades, locally 
to coarse breccias. Typically, it consists predominantly of originally vitric material 
and is thus largely an essential tuff, formed of the liquid lava ejecta of lava fountains 
at the sources of flows. In many places, however, it contains lithic accessory frag- 
ments torn from the walls of the vent by the rising lava, or blasted out by the violent 
escape of gases. 

The great bulk of the tuff member is of basaltic composition. The fragments of 
basaltic glass are in some localities partly altered to palagonite. Fragments of 
trachyte. are present in the basaltic tuff at several localities, indicating that part of 
the trachyte had already been erupted at the time of formation of the tuff. Two 
typical examples of the tuff will be described. 

At Breaker Point, a brownish-gray tuff rests on talus breccia and is overlain by the 
oligoclase andesite already described. The specimen is of fine sand grade and con- 
tains many angular fragments of white trachyte and dark-gray basalt up to 7 mm. 
long. Under the microscope the fine tuff is seen to consist of angular vitric shards of 
basaltic composition. Two distinct types of material are present: a brown glass, 
largely nonporphyritic and partly altered to palagonite, and a black opaque glass 
containing microlites of labradorite. A few loose crystals of olivine and plagioclase 
are enclosed in the tuff. The larger framents include some of lithic basalt, some of 
vitric basaltic pumice, and some of vitric trachyte pumice. T.e vesicles in the 
trachyte pumice are very much stretched, but those in the basaltic pumice are nearly 
spherical or only moderately elongated. 

West of the entrance to Pago Pago Bay, in a road cut 600 feet south of Faganeanea 
Church, there is exposed a lapilli tuff with thin layers of fine silty ash, overlying a 
coarse explosion breccia containing fragments of trachyte. The tuff is buff, contain- 
ing many white fragments of trachyte pumice from less than 1 mm. to 5 mm. across, 
and small black flakes of biotite. The tuff is preponderantly basa!tic, including both 
hyaline and hypohyaline fragments. The hyaline material is yellowish-brown and 
vesicular, and most of it is partly altered to palagonite. The hypohyaline material 
consists of plagioclase microlites in an opaque black glass. Many broken crystals of 
olivine, labradorite, and biotite, and a few of augite and orthoclase, are scattered 

through the tuff. The trachyte fragments include pumice, composed of colorless 
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glass with a few phenocrysts of feldspar, and lithic material consisting largely of 
alkalic feldspar. The explosion appears to have been caused by the basaltic magma 
which produced the vitric basalt fragments. 

The last-described tuff locality lies not far from the trachyte plug of Matafoa Peak, 
and the trachyte fragments in the tuff may have been derived from the Matafoa mass. 
Distinctive characteristics are lacking, however, and no positive correlation of the 
material is possible. 


TAPUTAPU VOLCANICS 


Taputapu Volcano, the westernmost volcano of Tutuila Island, consists predom- 
inantly of olivine basalt, but with numerous flows of olivine-poor basalt and andesite. 
Most of the olivine basalts resemble rather closely those of the other volcanoes, 
already described. Some contain late-crystallized flakes of biotite. 

One specimen of olivine basalt, with a tendency toward andesite, will be described 
indetail. It was collected by Stearns along the trail, in the saddle 3700 feet east of 
Cape Taputapu. The rock is dark gray, dense, and nonporphyritic. The texture 
is intergranular and locally diabasic and is unusually coarse-grained, the grain size 
averaging about 0.1 mm. The rock is composed largely of plagioclase, olivine, 
pigeonite, and iron ore. Highly acicular grains of apatite are very abundant and 
attain lengths of 0.5 mm., with thicknesses of about 0.01 mm. _ A few flakes of biotite 
fill interstices, and locally there is a little interstitial chlorite. The ore is largely or 
entirely ilmenite. The plagioclase consists principally of subhedral lath-shaped 
grains of intermediate labradorite (8 = 1.563), but there isalso a considerable amount 
of anhedral interstitial oligoclase (8 = 1.543), much of which shows a small positive 
optic axial angle and is probably potassic. The unusually coarse grain of the rock 
makes possible a more definite determination of the interstitial feldspar than in most 
of the lavas. 

Basaltic andesites, containing feldspar of the average composition of andesine, 
but resembling the basalts in habit and abundance of mafic minerals, were collected 
by Stearns 400 feet south of Cape Taputapu, 1900 feet S. 44° E. of Olotele Peak, and 
on the west shore of Aoloau Bay 400 feet southeast of Greyhound Point. A rock 
collected by Daly (1924, p. 102) on the trail about 3200 feet west-southwest of Aoloau 
Church, and analyzed by Washington, is also probably a basaltic andesite. The 
analysis is quoted in column 5 of Table 1. 

Except in feldspar composition, the basaltic andesites are much like the basalts. 
Olivine is absent in the rock collected southeast of Olotele Peak but is present in the 
other two specimens. In the rocks collected southeast of Olotele Peak and south of 
Cape Taputapu, brown biotite forms interstitial anhedral grains and flakes projecting 
into vesicles. In the same two specimens the pyroxene is pigeonite, but the third 
specimen is too fine-grained for the pyroxene to be identified. Both biotite and green 
hornblende are reported by Daly in the analyzed specimen. In the rock from the 
west shore of Aoloau Bay the feldspar is calcic andesine, much of it with a small 
+2V. The other two specimens studied by the writer contain subhedral grains of 
sodic Jabradorite in a matrix of anhedral calcic to intermediate andesine, much of the 
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andesine probably being potassic. Daly describes the analyzed rock as containing 
sodic labradorite in a matrix of feldspar with a lower refractive index. The norma- 
tive feldspar is calcic oligoclase (Ab73) and orthoclase. 

Two specimens of andesite were collected by Stearns near the trail, in the saddle 
3700 feet east of Cape Taputapu. Both contain a few phenocrysts of olivine up to 
1.5 mm. long, and one contains rare small phenocrysts of pigeonite. Both contain 
small flakes of biotite. The rest of the rock consists of olivine, pigeonite, plagioclase, 
and iron ore. In the rock containing the pigeonite phenocrysts, the feldspar is inter- 
mediate andesine (8 = 1.551). In the other, it ranges from intermediate andesine 
(8 = 1.552) to oligoclase (8 = 1.545). Some grains of the latter appear to havea 
small +2V. Still another specimen from the same general locality is essentially 
nonporphyritic but contains one much-resorbed crystal of medium labradorite (8 = 
1.562) 8mm. long and a single phenocryst of augite 1mm.long. Microphenocrysts of 
olivine grade in size into the groundmass, which consists of plagioclase, pigeonite, 
olivine, magnetite, and many irregular flakes of biotite, some of which reach a length 
of 0.5mm. The biotite forms 2 to 3 per cent of the rock and has —2V = 10°,r <9 
strong, X = pale brownish yellow, Y and Z = deep reddish brown. The plagioclase 
is oligoclase (8 = 1.538). These olivine-bearing andesites are closely related to 
the mugearites. 


QUARTZ TRACHYTES 


General features ——Most of the trachytes of Tutuila Island contain a little quartz 
and fall into the class of quartz trachytes. Locally, as in parts of the Pioa and 
Lefulufulua masses, the rock may contain 5 to 10 per cent of quartz and could 
appropriately be termed rhyolite. On the other hand, the quartz trachytes grade 
into quartz-free trachytes. Even in these, however, quartz is present in the norm. 
Some of the quartz occurs in small veinlets and may have been introduced by min- 
eralizing vapors during paulopost stages. Likewise, some of the anhedral grains of 
quartz in the groundmass may have been introduced during a very late magmatic 
or post-magmatic stage. Most of it, however, appears to belong to the principal 
period of crystallization of the rock, and in a few instances it forms phenocrysts. 

Most of the trachyte bodies occur on, and are probably related to, the Pago Vol- 
cano. One small body occurs on the Alofau Volcano, and another on the Olomoana 
Volcano. Those on the Pago Volcano were preceded and followed by more mafic 
lavas, including both basalts and andesites. 

Tau plug.—Two specimens of the trachyte which forms the summit of Tau Peak 
are essentially identical in composition. The rock is light gray and dense, with scat- 
tered phenocrysts of intermediate oligoclase (8 = 1.541) and a few phenocrysts of 
biotite. In thin section, the biotite grains are seen to be almost completely resorbed, 
leaving reaction shadows of finely granular iron ore. Scattered microphenocrysts of 
sanidine reach a maximum length of 0.7 mm. Some of them are twinned according 
to the Carlsbad law. They and the oligoclase phenocrysts are partly rounded by 
resorption. The groundmass consists very largely of a fine-grained aggregate of 
anhedral soda orthoclase or sanidine. Small granules of magnetite also are present. 
One specimen contains fairly numerous anhedral grains of quartz, but they are absent 
in the other specimen, indicating that quartz is not uniformly distributed. One 
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specimen contains two grains, 0.3 mm. long, of a strongly pleochroic mineral, prob- 
ably barkevikite. It has a small —2V, Z A c = 20°, moderate refringence and 
birefringence, X = yellowish green, and Z = deep reddish brown. Both grains are 
partly resorbed and are surrounded by exsolution rims of iron ore. 

A specimen of the trachyte which forms the small knob 1500 feet north of Tau 
Peak is very similar to the Tau trachyte. It contains, however, a few phenocrysts of 
anorthoclase, with —2V = 40°, and very fine anorthoclase twinning. Both the 
anorthoclase and oligoclase phenocrysts are much resorbed. The groundmass con- 
sists largely of soda orthoclase or sanidine (8 = 1.528), with a few grains of oligoclase 
and possibly a little albitc. No quartz is present. 

Matafao plug.—The trachyte of the Matafao plug was briefly described by Daly 
(1924, p. 105) as being practically identical with that of Papatele Peak. It had 
previously been described by Weber (1909, p. 296), who presented a partial analysis 
of the rock by Hobein. The rock is light gray and dense, with a few blocky pheno- 
crysts of oligoclase, most of which are much rounded by resorption. The groundmass 
consists of subhedral grains of anorthoclase and quartz, 0.1 to 0.3 mm. long, in a 
matrix of anhedral grains of potash feldspar, probably soda orthoclase, with 6 = 
1.530. In places the quartz grains are concentrated into small lenticular veinlets. 
Minute grains of magnetite are abundant, and a few flakes of hematite are present in 
onespecimen. Weber recorded the presence of a single much-resorbed biotite pheno- 
cryst, but no biotite was found by Daly or the writer. All specimens contain a few 
small colorless grains of a mineral with high refringence and birefringence, straight 
extinction, and —2V = 60°+. ‘They are generally partly resorbed, with the libera- 
tion of a rim of finely granular iron ore. Many grains are partly altered to iddingsite 
(?). The mineral appears to be an iron-rich olivine close to fayalite. The rock was 
termed a phonolitic trachyte by Weber, but, as pointed out by Daly, the name is 
inappropriate. 

Vatia plug.—The trachyte composing Pola Island and the peninsula northwest of 
Vatia Bay has been described by Daly (1924, p. 107-110), and two specimens of it 
were analyzed by Washington. The specimens studied by the writer are closely 
similar to those described by Daly. Phenocrysts of oligoclase (8 = 1.540) up to 7 
mm. long and a few partly resorbed biotite phenocrysts lie in a trachytic groundmass. 
Many of the oligoclase phenocrysts are enclosed in a thin shell of alkalic feldspar. A 
few stout prismatic grains of apatite, up to 0.3 mm. long, are present. Several grains 
of fayalite(?) are largely altered to serpentine. A few microphenocrysts of albite, 
with +2V = 70°, also are present in one specimen. The groundmass consists largely 
of soda orthoclase and albite, with scattered grains of magnetite, and small shreds of 
bleached biotite partly altered to chlorite. As pointed out by Daly, the rock resem- 
bles that of Pioa Peak except in the absence of modal quartz. No labradorite-by- 
townite phenocrysts, such as were reported by Weber (1909, p. 300), have been 
found by Daly or the writer. The writer observed the same rapid color change on 
exposure to the air which was described by Daly. 

A 30-foot dike exposed in the sea cliff a little farther west, about 1000 feet N. 28° W. 
of Siuono Peak, resembles the trachyte of the Vatia plug, except that the feldspar 
microphenocrysts are sanidine instead of albite. 

Papatele plug.—A specimen of trachyte collected at the 1000-foot contour on the 
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north side of Papatele Peak is a pale-gray dense rock, with grayish-green streaks, 
containing scattered phenocrysts of feldspar up to1 mm. long. The phenocrysts are 
anorthoclase, some of them showing faint anorthoclase twinning. Most of them are 
much resorbed. The groundmass is composed principally of anhedral soda sanidine, 
with —2V close to 0°, and 6 = 1.530. A few grains, however, appear to have a large 
optic axial angle and are probably albite. Small granules of magnetite are scattered 
through the rock. Rare grains of fayalite(?), and flakes of chlorite probably derived 
from biotite also are present. Another specimen, collected 100 feet south of the top 
of the peak, differs only in that the biotite is not entirely altered to chlorite. No 
oligoclase or quartz was found in either specimen, but in a third specimen, from the 
summit of the peak, there are a few small anhedral grains of quartz. 

Pioa plug.—A specimen collected at the south side of the Pioa plug contains rare 
phenocrysts of anorthoclase up to 3mm. long. Other smaller phenocrysts of oligo- 
clase, some with albite twinning, are much resorbed and enclosed in thin shells of 
alkalic feldspar. The groundmass is composed principally of anhedral soda ortho- 
clase, with 8 = 1.527 and a large optic axial angle. Small granules of magnetite, a 
few anhedral grains of quartz, and a little colorless interstitial glass also are present. 
A few grains of fayalite(?) were observed in one slide and are probably the mineral 
said by Daly to resemble colorless acmite. The rock is closely similar to that de- 
scribed by Daly from the north side of Pioa Peak, except that in one thin section from 
Daly’s specimen a small veinlet of quartz was present. Washington’s analysis of 
Daly’s specimen is quoted in column 10 of Table 1. 

Afono plug.—The trachyte which forms the southeast shore of Afono Bay isa light- 
gray dense rock, with scattered phenocrysts of oligoclase up to 2 mm. long and a few 
flakes of biotiteupto1.5mm. Most of the oligoclase phenocrysts are partly resorbed, 
and many are surrounded by a thin envelope of alkalic feldspar. Microphenocrysts 
of sanidine and a few of anorthoclase also are present. The groundmas: is a fine- 
grained aggregate of anhedral grains of alkalic feldspar, probably largely soda ortho- 
clase, with scattered small granules of magnetite. A few former flakes of biotite are 
now represented only by resorption shadows of finely granular exsolved iron ore. 

A specimen from a dike exposed near the end of the small peninsula which projects 
northwestward near the south end of Afono Bay is identical with the rock just de- 
scribed except that a few flakes of biotite are partly unaltered. 


afa Point. The rock contains scattered blocky feldspar phenocrysts up to 2 mm. 
long and rare biotite phenocrysts up to 3 mm. long. The biotite crystals are thin 
basal tablets elongated parallel to 100. They are extensively resorbed, with the 
liberation of fine granules of iron ore. The plagioclase phenocrysts are anorthoclase 
and oligoclase. The groundmass is composed largely of subhedral to anhedral grains 
of soda orthoclase (8 = 1.525) with many small grains of magnetite and scattered 
grains of brown biotite, pale-green hornblende, fayalite, and the riebeckitelike mineral 
already noted in the oligoclase andesites. The hornblende has Z A c = 21°, and dis- 
tinct pleochroism with X = very pale yellow and Z = pale yellowish green. The 
riebeckitelike mineral is acicular, with very low birefringence, nearly straight extinc- 
tion, negative elongation, and weak but distinct pleochroism from pale bluish gray to 


} E.of 
Leila plug.—A small body of trachyte forms Leila Hill, 2400 feet S. 35° W. of Lem- | 
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pale yellow. Irregular masses of cristobalite fill interstices and project into small 
vesicles. It is weakly birefringent, with very low relief, and is uniaxial and negative, 
frequently showing more or less wedge-shaped forms which extinguish at various 
angles. 

The rock contains more abundant mafic minerals than any other Samoan trachyte 
studied. In this, and also in the presence of the riebeckitelike mineral, it tends 
toward the oligoclase andesites. 

Lefulufulua plug.—A small plug of trachyte forms Mauga Lefulufulua, 2100 feet 
§.80° E. of Olomoana Peak. A specimen froma point near the top of the plug is light 
gray and dense, with moderately abundant feldspar phenocrysts up to 2 mm. long and 
rare biotite phenocrysts up to 1 mm. The feldspar phenocrysts are oligoclase, 
rounded by resorption, and many of them enclosed in thin shells of alkalic feldspar. 
Microphenocrysts of sanidine and quartz also are present. The biotite phenocrysts 
are pleochroic from medium reddish brown to very dark brown. The groundmass 
consists of alkalic feldspar (@ = 1.528), small grains of magnetite, a few small flakes 
of biotite partly altered to chlorite, and very small grains of the riebeckitelike mineral. 
A specimen from the southern edge of the plug is identical to that just described, 
except that quartz is even more abundant. 


LEONE VOLCANICS 


The Leone lava resembles, in its structural and time relationships, the post-erosional 
lavas of Oahu and West Maui, in the Hawaiian Islands. In chemical composition 
likewise it is very similar to the nepheline basanite of Kilea Cone on West Maui 
(Macdonald, 1942b, p. 326, 334) and is related to the nepheline basalts of the Hono- 
lulu series on Oahu (Stearns and Vaksvik, 1935, p. 98-165; Cross, 1915, p.20-22). 
Although the Leone lava contains nepheline in the norm, none has been found in the 
mode, and it must be occult in the glassy base. The name nepheline basanite is there- 
fore not appropriate for it. The Leone lava was termed limburgite by Weber (1909, 
p. 295-296), but it contains considerably more feldspar than is found in typical lim- 
burgites (Rosenbusch, 1923, p. 491). Daly’s (1924, p. 110) name, limburgite-basalt, 
appears most appropriate. 

A specimen typical of the Leone lava was collected along the road, 2000 feet S. 47° 


} E.of Tau Peak. The rock is a dark-gray moderately vesicular lava, with abundant 


olivine phenocrysts up to 1 mm. across. Most of the phenocrysts are rounded and 
embayed by resorption but are not otherwise altered. They have an optic axial angle 


j Close to 90°. The phenocrysts grade in size into the groundmass. The groundmass 


is intersertal, with an average grain size of about 0.25 mm., much coarser than most 
lavas of mid-Pacific volcanoes. It is composed of plagioclase (17%), monoclinic 
pyroxene (35%), olivine (15%), iron ore (10%), and glass (23%). The feldspar is 
sodic bytownite (@ = 1.569). The pyroxene is purplish brown, and the larger grains 
show prominent zoning. A few grains reach the size of microphenocrysts. The core 
of the larger pyroxene grains is augite, with +2V = 55°, and strong inclined disper- 
sion. It is probably titaniferous. Some grains are twinned parallel to 100, and 
some show moderately well developed hour-glass structure. The outer rims of the 
larger pyroxene grains and the entire mass of the smaller grains are composed of pi- 
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geonite, with smaller 2V, smaller extinction angle (Z A c), and stronger dispersion than 
the augite. The iron ore includes both magnetite and ilmenite, and skeleton crystals 
of magnetite in the glass show the typical ornamented cruciform shapes. The glass 
is brownish yellow, with a refractive index of 1.527. A few small irregular flakes of 
biotite also are present. Staining by the method described by Shand (1939) revealed 
no nepheline. The specimen is poorer in glass than that described by Daly, but other. 
wise closely similar. The smaller proportion of glass is largely compensated by a 
greater proportion of feldspar. The chemical composition of Daly’s specimen is 
shown in column 1, Table 1. 

A specimen from the northwest rim of Maupasaga cinder cone, 1250 feet S. 76° E. 
of Olotele Peak, is nearly identical in composition to that described above. The 
zoned nature of the pyroxene is even more striking, the much stronger dispersion and 
deeper purple of the outer zone suggesting an outward increase in titanium content. 
A specimen from the west rim of a small crater 4800 feet S. 3° E. of Olotele Peak is 
also similar, except that the groundmass is in places holocrystalline. Staining by 
Shand’s method revealed no nepheline in the holocrystalline areas. An ejected 
block collected near the eastern edge of Futiga Cone, and another from the floor of 
Maupasaga Crater, contain not more than 2 or 3 per cent of interstitial glass. The 
plagioclase, which is calcic labradorite, constitutes only about 20 per cent of the rock. 
No nepheline or alkalic feldspar could be found. Based on their modal composition 
alone, they would be termed picritic basalt. 


AUNUU TUFF CONE 


The small island of Aunuu, off the southeastern shore of Tutuila, is stated (Fried- 
laender, 1910, p. 531; Daly, 1924, p. 113) to consist very largely of well-bedded brown 
tuffs, principally basaltic, but containing a few fragments of limestone from the under- 
lying reef. A concentration of boulders at one place in the crater may represent rem- 
nants of a lava flow (Daly, 1924, p. 113). No specimen of the tuff is available, but 
from earlier descriptions it appears to be a vitric-lithic palagonite tuff somewhat re- 
sembling those of Diamond Head and Punchbow! on Oahu, in the Hawaiian Islands 
(Stearns and Vaksvik, 1935, p. 133, 145), and of Apolima and Fanuatapu islets near 
Upolu. Weber (1909, p. 301-302) describes a specimen of lava from Aunuu as 4 
platy brownish rock, with fluidal structure, consisting of plagioclase, augite, magne- 
tite, ilmenite, and a little orthoclase, biotite, hematite, and apatite. Zircon and 
epidote were said to be rare, and microchemical tests were believed to reveal a little 
nepheline. A chemical analysis by Hobein is quoted in column 3 of Table 2. The 
rock is probably an andesite. Another specimen of lava contained abundant large 
olivine phenocrysts and smaller crystals of titanaugite. These lava specimens may 
have come from the boulders mentioned above and represent a late flow, or they may 
have come from accessory blocks enclosed in the tuff. The former is almost certainly 
an accessory block, as a specimen of the tuff itself contained many phenocrysts of 
olivine and augite, whereas none were mentioned in the lava. Microchemical tests 
by Weber revealed the presence of nepheline in the tuff. It appears not unlikely that 
the magma of the Aunuu eruption resembled that of the Leone eruptions, which are of 
similar geologic age. 
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ISLAND OF OFU 


Only five specimens are available from the island of Ofu. All were collected at the 
northwestern point of the island, 2100 feet N. 58° E. of the north end of the islet of 
Nuu. Three of the specimens are olivine basalt, one is an augite-rich picritic basalt, 
and one is basaltic andesite. The presence of the augite-rich picritic basalt and the 
andesite indicates that Ofu-Olosega Volcano had entered upon the stage of differen- 
tiated lavas. 

One of the olivine basalts, a dense aa flow at water level, is megascopically nonpor- 
phyritic but contains microphenocrysts of olivine, pigeonite, and magnetite, which 
grade in size into the groundmass. The olivine microphenocrysts are largely altered 
to iddingsite, and many are enclosed in a thin shell of fresh olivine. The groundmass 
is intergranular and consists of plagioclase, pigeonite, olivine, and iron ore, the latter 
largely magnetite but probably including some ilmenite. The plagioclase consists of 
subhedral to anhedral grains of intermediate labradorite and less abundant anhedral 
interstitial grains of andesine. Many of the latter have a small optic axial angle and 
positive sign and are probably potassic. 

Another specimen of olivine basalt contains scattered phenocrysts of feldspar up to 
2mm. long. These, together with microphenocrysts of olivine and pigeonite, grade 


jin size into the intergranular groundmass. The olivine microphenocrysts are partly 


altered to iddingsite and are enclosed in thin shells of fresh olivine. The phenocrysts 
appear to have been altered to iddingsite by gases concentrated in the upper part of 
the magma during or just preceding eruption and encased in a thin shell of fresh oli- 
vine during the period of crystallization of the groundmass (Edwards, 1938; Mac- 
donald, 1940a, p. 155-156). The groundmass consists of intermediate labradorite 
(8 = 1.562), pigeonite, olivine, magnetite, and ilmenite. 

The specimen of basaltic andesite was taken from a block which had fallen from the 
§0-foot sea cliff. It is a medium-to light-gray dense lava, with a few olivine pheno- 
crysts up to 7 mm. long, which grade in size into the groundmass. 2V is close to 90°. 
Many of the phenocrysts are much resorbed, but others appear euhedral. Several 
are skeleton crystals, containing cores of groundmass material. Most of them are 
largely altered to iddingsite. Microphenocrysts of pigeonite also grade into the 
groundmass. The intergranular groundmass is composed of plagioclase, pigeonite, 
divine, magnetite, and a little ilmenite. Minute needles of apatite are enclosed in 
the feldspar, and a few flakes of brown biotite project into vesicles. The plagioclase 
includes some subhedral grains of sodic labradorite, but most of it is calcic andesine. 
Some grains of the latter have a small positive optic angle. The rock resembles the 
divine basalts except in the composition of the feldspar. 

The remaining olivine basalt and picritic basalt exhibit an interesting relationship. 
The picritic basalt occupies a lava tube, the walls of which consist of the olivine basalt. 
The olivine basalt is nonporphyritic, composed of medium labradorite (@ = 1.564), 
livine, purplish-brown pigeonite, and iron ore, including both magnetite and ilmenite. 
The picritic basalt is similar in composition, except that it contains numerous pheno- 
tysts of augite up to 12 mm. long and of olivine up to 5 mm. long. The olivine 
phenocrysts are partly altered to iddingsite and enclosed in a shell of fresh olivine. 
The augite phenocrysts are probably titaniferous. They are purplish brown, with 
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+2V = 60°, and show strong dispersion. Many are surrounded by an envelop 
of pigeonite, with a distinctly smaller optic axial angle and extinction angle than the 
core. 


ISLAND OF OLOSEGA 


No specimens were collected by Stearns on Olosega. Weber (1909, p. 303) de 
scribes one specimen of olivine basalt collected by Friedlaender and consisting of 
plagioclase, titaniferous monoclinic pyroxene, olivine, ilmenite, and colorless glass, 
arranged in an intersertal texture. 


ISLAND OF TAU 


Only four specimens were collected by Stearns on Tau Island. All are from the 
western shore. Three are olivine basalts, and one isa picritic basalt. A specimen of 
olivine basalt from a talus block at the foot of the sea cliff, 1500 feet south of Faga- 
malo, contains scattered olivine phenocrysts up to 2 mm. long, rounded and embayed 
by resorption, and slightly altered to iddingsite around the edges and along cracks. 
Microphenocrysts of augite are numerous and frequently grouped together to form 
glomerocrysts. The groundmass is intergranular, consisting of medium labradorite 
(8 = 1.565), pigeonite, olivine, and very abundant iron ore, the latter largely magne- 
tite. Plagioclase constitutes only about 32 per cent of the rock, which is thus transi- 
tional to the picritic basalts. 

Another olivine basalt, from a talus block at the same locality, is nonporphyritic. 
The texture is intersertal. The rock is composed of medium labradorite (8 = 1.564), 
a little interstitial andesine, pigeonite, olivine, magnetite, ilmenite, and glass. The 
interstitial andesine appears to have a small positive optic axial angle and is probably 
potassic. 

The third specimen of olivine basalt was collected from a late aa flow which tum- 
bled over the sea cliff 650 feet south of Siufaga. The rock is medium gray and spar- 
ingly vesicular, with scattered phenocrysts of olivine. Some of the phenocrysts 
attain a length of 3 mm., but most are less than 1mm. They are partly rounded by 
resorption and are altered around the edges to iddingsite. Microphenocrysts of 
pigeonite also are present, many of them being glomerocrysts composed of several 
small grains with various orientations. One grain shows multiple twinning parallel 
to 100. The groundmass is intergranular, consisting of intermediate labradorite 
(8 = 1.565), pigeonite, olivine, and magnetite. The groundmass olivine is partly 
altered to iddingsite. 

The picritic basalt was collected from a bed in the sea cliff 2800 feet southeast of 
Siufaga. It is a medium-gray dense rock with very abundant phenocrysts of olivine 
andaugiteupto8mm.long. The olivine phenocrystsare slightly corroded by resorp- 
tion, and many of them are partly altered to iddingsite. The augite has +2V = 55° 
and strong inclined dispersion. The intergranular groundmass consists of plagioclase, 
pigeonite, olivine, magnetite, and ilmenite. The plagioclase is of two varieties: sub- 
hedral to anhedral lath-shaped grains of calcic labradorite (8 = 1.567), between which 
lie much less abundant anhedral grains of andesine, many of which appear to havea 
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small positive optic axial angle. The alteration of olivine phenocrysts to iddingsite 
is not uniform throughout the rock. Along joints the phenocrysts are almost com- 
pletely altered, but in the center of joint blocks much of the olivine is fresh. Obvi- 
ously the alteration could not have been magmatic but must have occurred after 
consolidation of this part of the lava, probably by gases rising along fractures from a 
lower portion of the flow. A specimen described by Mohle (1902, p. 98) probably was 
similar. 
ISLAND OF UPOLU 
GENERAL GEOLOGY 


The volcanic rocks of Upolu Island have been divided by Stearns into three groups. 
A group of old lavas tentatively assigned to the Pliocene epoch was deeply eroded and 
weathered. This was followed by the extrusion of a series of lava flows and cinder 
cones which largely buried the older lavas, leaving only a few of the higher ridges pro- 
jecting through as kipukas. These lavas are relatively little dissected and are as- 
signed to the Pleistocene epoch. Finally, three, and possibly four, Recent lava flows 
are recognized, partly filling valleys cut in the Pleistocene lavas. 


PLIOCENE(?) LAVAS 


The Pliocene(?) lavas of Upolu are preponderantly olivine basalt, with smaller 
quantities of picritic basalt, olivine-poor basalt, and basaltic andesite. Trachyte 
pebbles have beer found on the shore of Fagaloa Bay, and limburgites have been 
reported from the Vaisigano Valley and the vicinity of Vailele. 

The olivine basalts show considerable variety in their phenocrysts. A few are non- 
porphyritic, but most contain phenocrysts of olivine from less than ! mm. to 5 mm. 
long. Some rocks contain also phenocrysts of feldspar, and others contain pheno- 
crysts of augite. A few contain phenocrysts of all three minerals. In most rocks the 
olivine is partly resorbed, and in many it is partly altered to iddingsite. The augite 
phenocrysts are pale brown in thin section, with +2V = 55°, and strong inclined 
dispersion. Many are enclosed in a thin shell of pigeonite. The plagioclase pheno- 
crysts consist of a calcic core, ranging in different rocks from intermediate bytownite 
to calcic labradorite, enclosed in a thin envelope having the composition of the 
groundmass feldspar. 

The texture of the groundmass is generally intergranular, but in some specimens it 
is intersertal. One specimen, from the end of the promontory projecting eastward 
into Lefaga Bay, shows a strong tendency toward diktytaxitic structure (Fuller, 1931, 
p. 116), the rock containing innumerable minute irregular miarolitelike cavities, left 
by the escape of a residual fluid. The groundmass of the olivine basalts consists 
principally of plagioclase, monoclinic pyroxene, olivine, and iron ore. ‘The predomi- 
nant feldspar in all specimens but one is medium or sodic labradorite. Two, however, 
contain smaller amounts of anhedral interstitial andesine. In two rocks, that with 
diktytaxitic structure, mentioned above, and another from the shore 3.76 miles east 
of Vailele Peak, the feldspar is labradorite-andesine, and the rocks thus are transi- 
tional to the basaltic andesites. In all specimens in which its optical properties could 
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be determined, the groundmass pyroxene is pigeonite. The iron ore generally in- 
cludes both magnetite and ilmenite, but magnetite is greatly predominant. A little 
interstitial glass is present in a few rocks. Biotite, pleochroic from pale yellow to 
deep reddish brown, was found in more than half the specimens examined. It forms 
small irregular interstitial flakes or projects into vesicles and is obviously of very late 
magmatic or deuteric crystallization. 

A nonporphyritic olivine basalt from a beach boulder on the shore of Uafato Bay 
contains small prismatic grains of hypersthene (Bartrum, 1927, p. 260). 

Picritic basalt from the northeast end of Vailele Mountain contains abundant 
phenocrysts of olivine and augite up to 1 cm. long and one angular inclusion of dunite 
1.5cm.long. A few plagioclase phenocrysts up to 4mm. long also are present. Both 
the olivine and augite phenocrysts are partly resorbed, and olivine is altered around 
the edges to iddingsite. The augite phenocrysts are pale brown in thin section, with 
+2V = 55° and strong inclined dispersion. They are surrounded by a thin rim of 
pigeonite. The plagioclase phenocrysts consist of a core of calcic bytownite, partly 
rounded by resorption, enclosed in a thin shell of labradorite. The groundmass is 
intersertal and consists of sodic labradorite (8 = 1.560), pigeonite, olivine, iron ore, a 
few small interstitial grains of andesine, and finely fibrous interstitial chlorite, prob- 
ably derived from glass. A specimen of picritic basalt from Masina, on Fagaloa Bay, 
described by Bartrum (1927, p. 256) contains rare small grains of brown hornblende 
and much calcite. Its analysis is shown in column 1 of Table 3. 

A sample of olivine-poor basalt, collected near the head of Lefaga Bay, contains 
numerous phenocrysts of feldspar up to 3 mm. long. The phenocrysts, which consti- 
tute about 20 per cent of the rock, are calcic labradorite, surrounded by a narrow 
strongly zoned rim in which the composition changes progressively to labradorite- 
andesine at the outside. The groundmass is intergranular, composed of labradorite- 
andesine, monoclinic pyroxene, iron ore, a few grains of olivine, and a few irregular 
flakes of biotite. The ore, which constitutes about 15 per cent of the rock, is largely 
or entirely magnetite. Locally, there are a few small interstitial patches of colorless 
glass. 

Stearns’ collection contains two specimens of basaltic andesite. One comes from 
near the divide, 6600 feet S. 38° W. of the summit of Mount Tafatafao; the other from 
the shore 2.28 miles northwest of Falefa. Both are megascopically nonporphyritic, 
but that from near Falefa contains microphenocrysts of olivine and plagioclase, which 
grade in size into the groundmass. Many of the olivine phenocrysts are much re- 
sorbed. They havea —2V close to90°. The plagioclase phenocrysts are zoned from 
sodic labradorite in the core to calcic andesine on the outside. The groundmass is 
intergranular and consists of calcic andesine (8 = 1.557), colorless monoclinic pyrox- 
ene, olivine, magnetite, and ragged flakes of biotite. The biotite is strongly pleo- 
chroic, with X = nearly colorless, and Y and Z = deep reddish brown. It appears 
uniaxial. 

The basaltic andesite collected southwest of Mount Tafatafao has an intersertal 
texture and prominent flow structure resulting from the alignment of feldspar micro- 
lites. The rock consists of plagioclase, monoclinic pyroxene, about 2 per cent of 
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olivine, magnetite, a little ilmenite, and interstitial chlorite. Specimen number 7 of 
Bartrum (1927, p. 259), from the eastern end of Samamea, on Fagaloa Bay, probably 
isa basaltic andesite. 

Limburgite was reported by Méhle (1902, p. 95) from the Vaisigano River, which 
enters the sea at the west side of Vailele Mountain, and from Vailele. The rock was 
probably a glassy olivine basalt, as the norm contains no nepheline. The analysis is 
shown in column 4 of Table 3. 

Trachyte beach pebbles were found by Bartrum (1927, p. 260-261) at Masina, on 
Fagaloa Bay. The trachyte is described by Bartrum as light gray, with many 
phenocrysts of feldspar up to 1 cm. long, few of them euhedral. There are also 
scattered small phenocrysts of extensively resorbed brown hornblende, olivine, and a 
few of magnetite. The feldspar phenocrysts are dominantly anorthoclase, but others 
aresodicandesine. Rare grainsofalbitemaybepresent. The trachytic groundmass 
isalmost wholly alkalic feldspar, probably mostly soda orthoclase, with less abundant 
anorthoclase. The chemical analysis is quoted in column 8 of Table 3. 

In petrographic character, the Pliocene(?) lavas of Upolu resemble the post-caldera 
lavas of the Pago Volcano on Tutuila and the lavas of the Ofu-Olosega volcano. The 
presence of small quantities of andesite, trachyte, and augite-rich picritic basalt 
indicates some differentiation of the magma. 


PLEISTOCENE LAVAS 


All but one of the Pleistocene lavas of Upolu collected by Stearns are olivine ba- 
salts. The exception isa basaltic andesite collected at the shore at Fale Latai Village, 
13,850 feet southwest of the summit of Mount Tafatafao. The locality is close to 
the edge of the large kipuka of Pliocene(?) lavas forming Mount Tafatafao and may 
actually be a small kipuka of older lava projecting through the Pleistocene lavas 
(Stearns, personal communication). The rock is megascopically nonporphyritic 
but contains microphenocrysts of olivine, slightly resorbed, and altered around 
the edges to iddingsite. The groundmass is intergranular, composed of calcic 
andesine (8 = 1.556), monoclinic pyroxene, magnetite, and a little olivine. Minute 
prismatic grains of apatite are enclosed in the feldspar. 

The olivine basalts show less evidence of differentiation than do those in the Plio- 
cene(?) lavas. They are more uniform in composition, augite phenocrysts are un- 
known, and feldspar phenocrysts are fewer and smaller. The rocks resemble the 
primitive lavas of Pago Volcano on Tutuila and of the various Hawaiian volcanoes. 
Some specimens are nonporphyritic, although most contain phenocrysts of olivine, 
generally less than 1.5 mm. long, but in a few rocks up to3 mm. A few specimens 
contain small feldspar phenocrysts in addition to those of olivine, and one contains 
feldspar phenocrysts alone. The groundmass is intergranular or intersertal, and 
rarely hyalopilitic. Glass is more abundant than in the earlier lavas. The ground- 
mass is composed of plagioclase, monoclinic pyroxene, olivine, iron ore, glass, and 
rarely a littleinterstitialchlorite. The plagioclase is generally intermediate labrador- 
ite, or less commonly sodic labradorite. Ina few specimens there isa little intersti- 
tialandesine. In every rock in which its properties could be determined, the ground- 
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mass pyroxene is pigeonite. Rarely, some pigeonite grains attain the size of 
microphenocrysts. In a rock exposed at the promontory east of Vailele Bay many 
of the pigeonite microphenocrysts show cruciform twinning, and some show hour-glass 
structure. They areslightly purplish brown, with strong dispersion of the bisectrices, 
and are probably titaniferous. In most specimens the iron ore is largely or even 
entirely magnetite, but in a sample collected 6000 feet north of Cape Fatuosofia, the 
westernmost point of the island, the ore is largely or entirely ilmenite. A few small 
flakes of biotite have been found in only two specimens, one from Fale o Le Fee, de- 
scribed below, and one from the divide 4800 feet N. 80° E. of the summit of Tafua 
Upolu. 

A specimen of olivine basalt described by Bartrum (1927, p. 258) from a well shaft 
near Ofalau Hill at Mulifanua was said to approach picritic basalt in composition, 
Olivine basalts have been reported from Manono Island, west of Upolu (Bartrum, 
1927, p. 258), and from Nuulopa Islet, just west of Manono Island (Méhle, 1902, 
p. 98). 

Fale o Le Fee is at about 1500 feet altitude on Soaga Stream, 7900 feet N. 36° E. 
of the top of Mount Vaitou. A specimen collected at that locality by Friedlaender 
was described by Weber (1909, p. 294) as a nepheline basanite, containing interstitial 
nepheline and six-sided crystals of hauyne. A specimen from Fale o Le Fee collected 
by Stearns contains neither of those minerals. Otherwise, the rock corresponds in 
composition reasonably closely to that described by Weber. The rock is an olivine 
basalt. It is nonporphyritic and intergranular, with an average grain size of about 
0.4 mm., composed of plagioclase, pigeonite, olivine, iron ore, scattered grains of 
brown biotite, and locally a little interstitial chlorite. The olivine is slightly altered 
toserpentine. The pigeonite has -+2V = 45°-50°, strong dispersion, and is purplish. 
It is probably titaniferous. The plagioclase is largely sodic labradorite. Acicular 
crystals of apatite, some of them as much as 1 mm. long, are fairly abundant. Some 
of the feldspar grains show narrow borders zoned from labradorite-andesine to inter- 
mediate andesine. A few small anhedral interstitial grains of andesine also are pres- 
ent and may have been mistaken by Weber for nepheline. Hexagonal cross sections 
of apatite likewise may have been taken for hauyne. 

Apolima Island, between Upolu and Savaii, and several small islands just east of 
Upolu are cones of palagonite tuff believed by Stearns to be of late Pleistocene age. 
Specimens of tuff from Apolima Island and Fanuatapu Island were described by 
Mohle (1902, p. 101-102) as consisting of greenish-brown or yellowish-brown glassy 
lapilli, some of which contained numerous minute pyroxene microlites. Granules of 
iron ore were sparse. Many grains of fresh olivine were present. The less fresh 
tuffs from Fanuatapu contained zeolites and calcareous cement. Of two specimens 
from Apolima described by Weber (1909, p. 293), one was a yellow tuff consisting 
largely of palagonite, and the other was a fragment of lava containing large pheno- 
crysts of olivine partly altered to serpentine. The groundmass was said to consist of 
nepheline, titanaugite, iron ore, and some biotite. The rock was classed as nepheline 
basalt. However, Weber’s apparently mistaken identification of nepheline in other 
rocks casts some doubt on the correctness of the classification of the specimen from 
Apolima. 
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RECENT LAVAS 


Specimens of three of the Recent lava flows were collected by Stearns. No speci- 
men of the flow which built the lava delta between Siumu and Falealili bays, on the 
southern coast, is available. 

The Soaga flow, which partly fills the valley of the Soaga River, is a glassy olivine 
basalt, containing rare feldspar phenocrysts up to5 mm. Jong. An angular inclusion 
of dunite 1 cm. across, and a clot of plagioclase crystals 1.5 cm. across, are present in 
the specimen. Whether the clot of plagioclase is a glomerocryst formed in the con- 
taining lava, or a xenolith of anorthosite torn loose and carried up from depth, could 
not be ascertained. The groundmass is hyalopilitic and consists of crystals of labra- 
dorite, titaniferous pigeonite, olivine, and iron ore, in a matrix of pale-brown glass. 
The olivine grains are partly corroded by resorption. 

The Lefaga flow, which occupies the valley just east of Mount Tafatafao, is a dark- 
gray olivine basalt containing moderately abundant olivine phenocrysts up to 3 mm. 
long, but mostly less than 1.5 mm. Most of the phenocrysts are glomerocrysts. 
They are slightly rounded by resorption, but not otherwise altered. The olivine has 
a —2V close to 90°. Microphenocrysts of pigeonite, many of them likewise glomero- 
crysts, also are present. The groundmass is intersertal and is composed of interme- 
diate labradorite(@ = 1.562), pigeonite, olivine, magnetite, ilmenite, and a little glass. 

The Laulii flow extends from the backbone of the island to the shore just east of 
Vailele Bay. The specimen is largely glassy. Scattered phenocrysts of olivine up to 
1mm. long and one phenocryst of plagioclase 1 cm. long lie in a hyalopilitic ground- 
mass composed of microlites of labradorite, monoclinic pyroxene, olivine, iron ore, 
and abundant brown glass. The olivine phenocrysts have a —2V close to 90° and 
are rounded and embayed by resorption. Much of the glass is heavily clouded with 
finely granular iron ore. The rock is an olivine basalt. 


ISLAND OF SAVAITI 


Only two specimens were collected by Stearns on the island of Savaii. One is of 
the Matavanu lava, which flowed continuously from 1905 to 1911 (Sapper, 1927, p. 
149). The specimen comes from the western edge of the flow near the shore. It is 
a medium-gray sparingly vesicular pahoehoe with moderately abundant olivine 
phenocrysts up to 2 mm. long, partly resorbed but not otherwise altered. The 
groundmass is intergranular, composed of intermediate labradorite (8 = 1.562), pale 
purplish-brown pigeonite, olivine, and iron ore. The ore includes both magnetite and 
ilmenite, the latter being more abundant. Staining by Shand’s method revealed no 
nepheline. The rock is a rather mafic olivine basalt, with some tendency toward the 
picritic basalts. 

Two analyses of the Matavanu lava, one by Heuseler and the other by Jensen, 
have been published. They are quoted in columns 2 and 6 of Table 3. The two are 
somewhat different, chiefly in the higher silica and lower magnesia and soda content 
of Jensen’s analysis. The modal composition of the sample described above appears 
to agree a little more closely with the norm calculated from Jensen’s analysis than 
with that of Heuseler’s analysis, but the feldspar is considerably more calcic than in 


lany 
slass 
ices, 
ven 
, the 
mall 
, de- 
afua 
haft 
‘ion, 
‘um, 
itial 
ted 
in 
vine 
out 
s of as 
ular 
ome 
ter- 
res- 
jons 
t of 
by 
ssy 
s of 
esh 
ens 
ring 
n0- 
t of 
line 
her 
‘om 


1356 G. A. MACDONALD—PETROGRAPHY OF SAMOAN ISLANDS 


the norm of Jensen’s analysis. Two specimens of Matavanu lava, one from the flow 
a mile from the sea, and the other from the wall of the crater, were classed by Bartrum 
(1927, p. 258) as olivine basalt. 

The other sample collected by Stearns is of a prehistoric olivine basalt cropping out 
on the southeast shore of Mataatu Bay, 1200 feet N. 14° E. of the easternmost of the 
two churches at Avao. In hand specimen it resembles the Matavanu lava. The 
olivine phenocrysts are enclosed in an intersertal groundmass composed of sodic 
labradorite (@ = 1.560), pigeonite, olivine, magnetite, ilmenite, and glass. A little 
andesine or calcic oligoclase forms anhedral grains in the interstices between the other 
minerals. 

Kaiser (1904, p. 121) describes the lava of 1902, from Mauga Afi, as olivine basalt, 
containing abundant macroscopic phenocrysts of augite, a few of olivine, and some of 
magnetite, in a partly glassy groundmass. Weber (1909, p. 291) lists olivine basalt 
from several other localities. Phonolite, said to contain hauyne, has been reported 
from the Sili River by Weber, who also reported nepheline basanite from a point near 
the shore. In general, however, Weber’s identification of nepheline appears to be 
open to question. 

Olivine basalts have been described by Jensen (1907, p. 666-669) from Malaeola, 
Manase near Safotu, Patamea, and Vaipuli near Matauto. The last-named rock is 
said to contain enstatite. A picritic basalt from the beach at Suifaga, containing only 
about 11 per cent feldspar (Anss) has been described by Bartrum (1927, p. 257). The 
only phenocrysts are olivine, generally less than 1 mm. across. The chemical analy- 
sis is shown in column 3 of Table 3. 


CHEMICAL ANALYSES 


Table 1 contains all the known reasonably complete modern analyses of rocks of 
Tutuila. Allare by H. S. Washington, of samples collected by Daly. Table 2 con- 
tains the analyses by Hobein of the rocks collected by [. Frieciaender. Unfortu- 
nately, they were ignited before analysis, and all the iron is reported as Fe,O3. More- 
over, in several the alumina appears probably to be too high, presumably because of 
nondetermination of certain other constituents. Table 3 contains all the analyses 
known to the writer of rocks of Upolu and Savaii. In Dieseldorff’s analysis of the 
lava from Vaisigano Valley, Upolu (column 4), the alumina may also be too high. 
The analyses by Seelye are unusual in the number of rare oxid®s cetermined. As 
pointed out by Bartrum (1927, p. 256), the picritic basalt from Fagaloa Bay, Upolu, 
the analysis of which is shown in column 1, contains a large amount of calcite. To 
arrive at more usable figures, the composition and norm have been recalculated in 
coluinn 5, eliminating the calcite. 

Figure 1 is a variation diagram constructed from the analyses in Tables 1 and 3. 
The curves behave much as in most variation diagrams for mid-Pacific volcanic re- 
gions, except for the unusually rapid increase of soda near the femic end of the series. 

The alkali-lime index is 50.5, placing the Samoan rock series within the alkalic 
group near the boundary of the alkali-calcic group (Peacock, 1931). In general, the 
mafic lavas of Samoa are distinctly richer in alkalies, particularly in soda, than the 
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CHEMICAL ANALYSES 


TABLE 1.—Chemical analyses of rocks from Tutuila 
1 2 3 4 5 6 7 8 9 10 

Eee 43.63 | 45.37 | 45.70 | 47.56 | 48.34 | 52.38 | 56.81 | 66.13 | 66.85 | 71.20 
MR 3 6i0 11.70 | 10.51 | 9.14 | 16.90 | 12.30 | 16.67 | 16.62 | 16.82 | 17.23 | 12.82 
1.62 | 2.25 | 6.38} 4.23} 4.38 |. 2:80] 3.25.1. .2.75 | 1:49 | 4.65 
9.43 | 11.35 | 6.73 | 9.08 | 8.06] 5.68} 4.67] 1.69] 0.98] 0.28 
MgO 10.87 | 13.04 | 11.88 | 4.63 7.63 | 3.39] 2.37] 0.47 | 0.11 | 0.04 
11.40 | 8.63 | 9.90] 7.26] 6.73 | 5.58] 4.41 1.44} 1.80} 0.50 
2.57 | 2.29 | 2.11 | 4.81 | 3.70] 4.24] 6.28] 5.28] 5.44] 5.80 
2.63: O88 | 1:22 1.37 1.76} 2.38 | 2.06| 4.46 | 4.49] 5.30 
H,O+...... 1.19 | 0.12 1.29} 1.68 | 0.27 1.27 | 0.39 | 0.38 | 0.42] 0.16 
HO—...... 0.08 |} 0.09; 0.40] 0.44] 0.24 1.36} 0.66; 0.29] 0.19] 0.09 
5.30 | 4.84] 4.96} 1.89 | 6.50] 2.99] 2.28] 0.61! 0.70] 0.26 
0.58 | 0.29} 0.17} 0.59} 0.58 | 1.25} 0.72] 0.08 | 0.12] none 
0.16} 0.11 0.20; 0.33} 0.06} 0.07 | 0.07] 0.10 tr 0.06 

Se 100.36 |100.06 |100.08 |100.77 |100.55 |100.06 |100.59 |100.50 | 99.82 |100.56 

Norms 

Q _ _ _ _ _- 3.60 | 1.26 | 14.76 | 14.22 | 19.50 
ae 9.45 | 5.56] 7.23 | 8.34 | 10.56 | 14.46 | 12.23 | 26.69 | 26.69 | 31.14 
ee 8.38 | 19.39 | 17.82 | 31.44 | 31.44 | 35.63 | 53.45 | 44.54 | 46.11 | 36.68 
an 15.57 | 15.57 | 11.68 | 20.57 | 11.68 | 19.46 | 10.84 | 6.39] 8.06 —_ 
ET 29.90 | 20.24 | 28.51 | 9.87 | 14.10 _ 5.16 —_ _ 0.22 
_ 4.49 | 9.90 _ 10.60 | 11.67 | 6.15 | 1.20] 0.30 
14.56 | 21.11 | 4.62 | 12.62 1.82 
| 6.25 | 7.421 6.05] 6.501] 4.18 | 4.64] 3:92} 1.39) 0:23 
10.03 | 9.27 | 9.58 | 3.65 | 12.31 5.78 | 4.41 1.22 1.37 | 0.46 
1.34] 0.67] 0.34] 1.34] 1.34] 3.02] 1.68 | 0.34] 0.34 

*CroO3 = 0.14, NiO = tr., S = 0.09. 

1, Limburgitic basalt, Leone lava, near Tafuna. H.S. Washington, analyst (Daly, 1924, p. 111). 

2. Olivine gabbro, intrusive in Pago lavas, on ridge 3800 feet N. 77° E. of Fagasa Church. H.S. Washington, analyst 


Waly, 1924, p. 114). 
3. Olivine basalt, pre-caldera lava of Pago Volcano, northeastern shore of Fagasa Bay. H.S. Washington, analyst 


Daly, 1924, p. 102). 

4. Olivine-poor basalt, Masefau volcanics, 700 feet N. 79° E. of Afono Church. H.S. Washington, analyst (Daly, 
1924, p. 102). 

5. Olivine-poor basalt, Taputapu volcanics, 3200 feet S. 68° W. of Aoloau Church. H.S. Washington, analyst (Daly, 
1924, p. 102). 

6. Andesite, pre-caldera lava of Pago Volcano, 1000 feet N. 75° W. of Lion’s Head, on south shore. H.S. Washington, 
analyst (Daly, 1924, p. 102). 

7. Andesite, dike cutting caldera-filling breccia, Pago volcanic series, 1500 feet N. 51° W. of Papatele Peak. H.S8. 
Washington, analyst (Daly, 1924, p. 116). 

8. Trachyte of Vatia plug, at shore 1000 feet south of southern tip of Pola Island. H.S. Washington, analyst (Daly, 
1924, p. 107). 

9. Trachyte of Vatia plug, same locality as No. 8. H.S. Washington, analyst (Daly, 1924, p. 107). 

10. Quartz trachyte of Pioa plug, 1000 feet N. 10° E. of North Pioa Peak. H.S. Washington, analyst (Daly, 1924, 
p. 107). 
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corresponding lavas of Hawaii. The-trachytes, however, are a little less rich in 
alkalies, particularly in soda, and richer in silica than those of Puu Waawaa or Py 
Launiupoko, in Hawaii (Cross, 1915, p.47). They are slightly richer in alkalies thay 


the trachyte of Mauna Kuwale on Oahu, Hawaii (Macdonald, 1940b, p. 84) and richer 
TABLE 2.—Chemical analyses of rocks from Tutuila 
1 2 3 4 5 6 7 

44.66 53.15 53.30 55.78 64.71 66.03 66.19 
15.42 20.76 21.10 18.12 18.40 20.52 17.45 
14.40 9.55 8.90 8.60 3.72 3.24 2.95 
5.20 2.42 2.44 1.91 tr. tr. 
9.21 5.60 5.45 5.78 1.83 1.32 1.16 
ee eer 2.44 4.50 4.81 5.50 5.01 2.43 5.55 
1.02 1.97 2.62 4.20 2.47 4. 
Ignition loss.......... 1.56 Bef | 2.25 1.28 2.26 4.24 1.61 

100.51 99 .90 100.22 99.59 100.13 100.25 99.81 

1. Gabbro, intrusive in Pago lavas, near Fagasa. Hobein, analyst (Weber, 1909, p. 301). 

2. Andesite (?), Pago (?) volcanic series, near Afono. Hobein, analyst (Weber, 1909, p. 300). 

3. Andesite (?) Aunuu Island. Hobein, analyst (Weber, 1909, p. 302). 

4. Andesite (?), Pago volcanic series, near Amaua. Hobein, analyst (Weber, 1909, p. 297). 

5. Trachyte of Vatia plug, Pola Island. Hobein, analyst (Weber, 1909, p. 300). 

6. Trachyte, Matafao Peak. Hobein, analyst (Weber, 1909, p. 296). 


Trachyte, from Tafagagai (locality cannot be found on available maps). Hobein, analyst (Weber, 1909, p. 291). 


in potash and poorer in soda than the trachyte of James Hill, in the Galapagos Islands 
(Richardson, 1933, p. 47). The average titanium content of the Samoan lavas, par- 
ticularly in the femic members, is notably higher than that of Hawaiian lavas. 


MAGMATIC DIFFERENTIATION 


The parent magma of the Samoan province was undoubtedly olivine basalt, like 
that which makes up the bulk of the volcanoes, particularly in their early stages. 
From the olivine basalt the other rock types were derived by differentiation, probably 
largely or entirely independent of assimilation. Unfortunately, there are insufficient 
chemical] analyses of the olivine basalts to establish with reasonable certainty the com- 
position of the primary magma, so that calculations cannot be undertaken to demon- 
strate the actual changes which have occurred in the development of the other rock 
types. Calculations for the similar lavas of the island of Hawaii show, however, that 
simple crystallization differentiation apparently is sufficient to account for their evo- 
lution. By analogy, the picritic basalts, olivine-poor basalts, andesine andesites, 
oligoclase andesites, and trachytes of Samoa were also probably derived from the 
primitive olivine basalt very largely or entirely by crystallization differentiation. 
The minerals removed from the Hawaiian olivine basalt to yield the andesites and 
trachytes appear to have been principally calcic plagioclase (intermediate bytownite 
to calcic labradorite), augite, and hypersthene, with relatively little olivine. The 
minerals removed from the Samoan parent magma were probably similar, although a 


BSS TR 


noe Been 


927, 


\ 
i,0.. 
40+ 
Ti... 
Os... 
fn0. 
(005. 
. 
NaCl. 
| 


MAGMATIC DIFFERENTIATION 


TABLE 3.—Chemical analyses of rocks from Upolu and Savaii 
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1 2 3 + 5 6 7 8 
42.19 | 43.76 | 43.82 | 44.17] 44.83] 45.96] 48.35] 60.48 
9.03 | 11.58 | 11.26/ 18.91| 9.60] 10.94] 12.39] 18.16 
3.03} 4.39} 2.39; 8.34] 3.22] 5.85] 3.27] 1.99 
9.27| 7.57| 9.53/ 5.62| 9.85] 6.39] 8.35} 2.92 
13.89 | 12.97| 13.59| 4.87| 14.76} 10.82] 8.76| 0.73 
11.95 | 9.64) 10.22! 10.64] 9.20] 9.96] 8.54] 2.13 
1.77} 3.03) 2.08} 1.61] 1.88] 2.40] 3.28| 7.27 
0.47] 1.84| 1.43} 1.50] 0.50/ 1.92] 1.69] 4.12 
1.03/ 0.47; 0.75| 0.55{ 1.10] 0.36] 0.37| 0.68 
1.02); — 0.60) — 1.09} 0.12} 0.54] 0.30 
2.72) 3.41} 3.09/ 2.84] 2.89] 5.50] 3.48] 0.39 
0.71| 0.45; 0.69] 0.24] 0.75) — 0.89 | 0.38 
er 0.19; — | 0.25) — 0.20} 0.08} 0.22| 0.17 
nil — | nil nil nil 0.08 
0.12; — 0.10); — 0.13) — 0.06 | nil 
0.04; — 0.05; — 0.04; 0.02) 0.03] nil 
ve 0.04; — 0.05; — 0.04; — 0.04} 0.07 
are 0.02; — 0.02) — 0.02; — 0.02} 0.02 
2.61} tr. | 0.32) — 0.02 nil 
tr. 0.15} 0.02); — tr. 0.02 | tr. 
tr — | 009; — tr. 0.09 0.04 
See 100.10 | 99.78 | 100.20 | 99.70 | 100.10 | 100.32 | 100.41 | 99.99 

Norms 

_ | — | 2.16} — 
2.78 | 11.12} 8.34] 8.90] 2.95] 11.12] 10.01] 24.46 
15.20] 10.48| 11.00} 13.62 | 16.15 | 18.34] 27.77 57.11 
15.01 | 12.51 | 17.24) 39.75 15.95 | 13.24] 14.18] 4.45 
8.24; 3.69; — 1.14, — 2.56 
18.65 | 23.65 | 22.89! 8.64| 19.82 | 28.08 | 18.22| 2.81 
11.01; — 8.20} 11.80} — 3.92; — 
18.07 | 18.27] 24.31! — 19.20] 9.94] 11.77 | 2.65 
4.41| 6.50) 3.48| 9.74] 3.69] 4.64] 4.87] 3.02 
5.17 | 6.54} 5.93} 5.47| 5.49] 10.49] 6.69] 0.76 
1.68/ 1.01/ 1.68} 0.67) 1.799) — 2.02} 1.01 


127, p. 262-263). 


p. 99). 


197, p. 262-263). 


27, p. 262-263). 


5. Recalculation of analysis 1 on the basis of absence of calcite (Bartrum, 1927, p. 262-263). 
6. Olivine basalt, lava flow of 1905 from Matavanu Crater, Savaii. H.I. Jensen, analyst (Jensen, 1908, p. 706-707). 
7. Olivine basalt, Pliocene (?) lavas, east end of Samamea, Fagaloa Bay, Upolu. F.T. Seelye, analyst (Bartrum, 


1. Picritic basalt, Pliocene (?) lavas, beach boulder, Masina, Fagaloa Bay, Upolu. F.T. Seelye, analyst (Bartrum, 
2, Limburgitic (?) basalt, lava flow of 1905 from Matavanu Crater, Savaii. Heuseler, analyst (Klautsch, 1907, p.174). 


3. Picritic basalt, in place at beach, Suifaga, Savaii. F.T.Seelye, analyst (Bartrum, 1927, p. 262-263). 
4. Olivine (?) basalt, Pliocene (?) lavas, Sepia Temple in Vaisigano Valley, Upolu. A. Dieseldorff, analyst (Méhle, 


8. Trachyte, Pliocene (?) lavas, from beach boulder, Masina, Fagaloa Bay, Upolu. F.T. Seelye, analyst (Bartrum, 
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greater proportion of olivine was probably separated, in relation to hypersthene, thus 
accounting for the greater enrichment of the end-magma in silica. The crystallin. 
tion of olivine rather than hypersthene may have resulted from a shallower position 


of the magma chamber, with consequent lower pressures (Larsen, 1940, p. 925-921), 
20 T T T T T qT 1 
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Ficure 1.—Variation diagram of Samoan rocks 


Derivation of the limburgitic basalts was undoubtedly by the same process which 
yielded the nepheline basanites and nepheline basalts of the Hawaiian Islands. The 
writer has suggested (1942b, p. 322-323) that the nepheline basanite of West Maui 
was derived by addition of alkalies, through volatile transfer, to magma already made 
slightly ultrabasic by the accumulation of sunken crystals of olivine and augite. 
However, simple crystallization differentiation of such a magma, made slightly ultra- 
basic (and passively desilicated) by the solution of added crystals of olivine, with or 
without augite and calcic plagioclase, is sufficient to account for the origin of the 
nepheline basalts and basanites. 

The part played by volatile transfer in the differentiation process is unknown. At 
depths shallow enough to permit vesiculation of the magma body there must have 
been a release of gases from solution, and an upward movement of the gases, which 
probably contained compounds of various rock-forming oxides. Chief among these 
would be the compounds of low boiling point, probably including compounds of soda 
and potash. Even below the zone of vesiculation there must be an upward diffusion 
of volatile compounds, owing to the concentration gradient set up by the loss of 
volatiles from the shallower parts of the magma. If precipitation of some of the 
volatile-transported material takes place in the upper part of the magma, that part 
may become enriched in such oxides as soda and potash, and possibly silica, thus 
aiding in the production of the trachytes and the alkali-rich ultrabasic rocks. How- 
ever, the process and the results achieved by it are too vague to be satisfactorily 
evaluated. 

At any rate, it appears safe to conclude that the major process in the differentiation 
was the separation of crystals, leaving a rest-magma of a composition more and mort 
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different from that of the primitive olivine basalt. The separation of crystals and 
rst-magma was undoubtedly largely by sinking of the heavier crystals, but filter- 
pressing, or squeezing out of the residual liquor from a crystal mush by orogenic or 
sther pressures, may have played a part. 
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